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The  tumor  suppressor  actions  of  the  vitamin  D  receptor  in  skin 

W81XWH-12-1-0235 

Principal  Investigator:  Daniel  D,  Bikle,  MD,  PhD 


INTRODUCTION 

Recent  studies  indicate  that  the  role  of  vitamin  D  and  its  receptor  (VDR)  in  protecting  against  the 
development  of  epidermal  tumors  deserves  a  closer  look  (1).  The  epidermis  of  the  VDR  null 
mouse  is  hyperproliferative  with  gross  distortion  of  hair  follicles,  structures  that  may  provide  the 
origin  for  the  tumors  found  in  the  skin  following  DMBA  or  UVR  (2)  (figure  1  in  Bikle  DD  et  al. 
J  Ster  Biochem  Mol  Biol  136:271-279).  Two  interacting  pathways  critical  for  normal  hair  follicle 
cycling,  Wnt/beta-catenin(Ctnnbl)  and  Ptch/hedgehog  (Hh),  when  activated  abnormally  also 
result  in  epidermal  tumors.  Thus,  we  considered  the  possibility  that  loss  of  VDR  predisposes  to 
epidermal  tumor  formation  by  activation  of  either  or  both  Wnt/beta-catenin  and  Ptch/Hh 
signaling  (figure  2  and  3  in  Bikle  DD  Photochem  Photobiol  Sci  11:  1808  -  1816,  figure  2  in 
Bikle  DD  2013  Sunlight,  Vitamin  D  and  Skin  Cancer  2“‘*  ed).  We  determined  that  all  elements  of 
the  Hh  signaling  pathway  were  upregulated  in  the  epidermis  and  utricles  of  the  VDR  null  mouse 

(3)  (figure  5  in  Bikle  DD  et  al.  J  Ster  Biochem  Mol  Biol  136:271-279).  In  addition  we  observed 
that  the  transcriptional  activity  of  beta-catenin  was  increased  in  keratinocytes  lacking  the  VDR 

(4) .  We  hypothesized  that  the  vitamin  D  receptor  (VDR)  functions  as  a  tumor  suppressor  with 
respect  to  epidermal  tumor  formation  by  blocking  the  Wnt/p-catenin  and  Ptch/Hh  pathways.  To 
test  this  hypothesis  we  set  out  to  determine  whether  mice  lacking  VDR  but  with  constitutively 
active  P-catenin  show  accelerated  tumor  formation  following  UVB  treatment,  whereas  those 
with  an  inactivated  P-catenin  are  protected  Ifom  tumor  formation.  Similarly  we  set  out  to 
determine  whether  mice  lacking  VDR  but  with  constitutively  active  Hh  signaling  (ptch-l-/-)  show 
accelerated  tumor  formation  following  UVB  treatment,  whereas  those  with  an  inactivated  Shh 
are  protected  Ifom  tumor  formation. 

BODY 

Task  1.  Determine  whether  mice  lacking  VDR  hut  with  constitutively  active  p-catenin  show 
accelerated  tumor  formation  following  UVB  treatment,  whereas  those  with  an  inactivated 
P-catenin  are  protected  from  tumor  formation.  To  complete  this  task  after  obtaining  ACURO 
approval  (task  2a)  we  bred  mice  homozygous  for  the  fioxed  VDR  with  mice  homozygous  for 
floxed  P-catenin  either  of  exon  3  (which  when  deleted  results  in  a  constitutively  active  P-catenin, 
ca  P-catenin)  or  of  exons  2-6  resulting  in  a  P-catenin  null  when  deleted  (del  P-catenin)  (task  lb). 
Deletion  of  the  VDR  and  the  appropriate  P-catenin  exons  was  accomplished  by  breeding  the 
double  fioxed  mice  with  ER^^-K14-cre  recombinase  (task  Ic).  This  ere  recombinase  is  expressed 
only  in  basal  keratinocytes,  and  tamoxifen  activates  it  enabling  the  gene  deletions  to  be 
temporally  controlled.  In  this  study  tamoxifen  administraton  was  initiated  at  4-5  wks.  The 
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breeding  produeed  littermates  whieh  have  or  laek  the  ER^^-K14-ere  reeombinase,  and  the  latter 
serve  as  the  “wildtype”  eontrols  sinee  they  retain  the  functional  genes.  (See  figure  1,  in  Jiang  et 
al  2013  J  Ster  Biochem  Mo  lee  Biol  136:229-232  for  breeding  details).  Other  controls  included 
mice  lacking  only  the  VDR,  only  lacking  P-catenin,  or  only  expressing  the  activated  P-catenin. 
The  intent  was  to  treat  these  mice  acutely  or  up  to  40wks  with  UVB  using  a  dose  protocol 
(3x/wk  in  escalating  doses  up  to  400mJ/cm^)  previously  reported  to  induce  skin  tumors  in  VDR 
null  mice  (but  not  controls)  (task  Id).  The  acute  (ie.  one  exposure  to  400mJ/cm^)  exposure  to 
UVB  is  intended  to  look  for  differences  in  cyclobutane  pyrimidine  dimer  (CPD) 
formation/clearance  (markers  of  DNA  damage),  hyperplasia,  and  activation  of  the  P-catenin  and 
Hh  pathways  (task  le). 

Results.  We  have  completed  the  breeding  of  the  animals  to  produce  the  desired  genotypes  and 
are  maintaining  the  colonies  in  sufficient  size  to  perform  the  experiments,  which  are  in  progress. 
It  is  important  first  to  describe  the  phenotype  of  these  animal  models  (figure  1).  As  we  and  others 
have  described  the  VDR  null  mouse  loses  hair  beginning  about  3  months  after  the  VDR  is 
deleted.  Although  hair  loss  is  not  as  rapid  in  the  mice  in  which  the  VDR  is  deleted  post  weaning, 
as  in  this  study,  compared  to  our  previous  studies  in  which  the  VDR  was  deleted  during 
embryogenesis,  the  pattern  is  similar.  The  mice  lacking  P-catenin  rapidly  lose  hair.  Obvious  hair 
loss  can  be  seen  within  4  wks  of  the  tamoxifen  injection  in  the  del  P-catenin  mouse  at  which  time 
the  coat  of  the  VDR  null  mouse  looks  normal  (figure  1).  Surprisingly,  the  follicles  are  not 
particularly  distorted  at  this  time  point,  but  we  have  not  looked  yet  at  later  time  points.  When 
both  VDR  and  P-catenin  are  deleted,  the  appearance  is  that  of  the  del  P-catenin  mouse  at  the  8 
week  time  point  (figure  1).  Furthermore,  at  this  time  point  neither  genotype  has  developed  the 
dermal  cysts  and  grossly  distorted  hair  follicles  (utricles)  that  characterize  the  VDR  null  mice 
later  on.  In  contrast  the  phenotype  of  the  ca  P-catenin  mouse  is  profound  with  patchy  hair  loss, 
growth  retardation,  and  on  histology  a  predominance  of  large  clearly  dysfunctional  hair  follicles 
(figure  1).  The  survival  of  these  mice  is  poor  and  precludes  any  long  term  studies.  As  a  result  we 
have  changed  our  breeding  strategy  with  this  mouse  so  that  the  ca  P-catenin  is  being  bred  as  a 
heterozygote  for  the  fioxed  exon  3  P-catenin  gene.  This  has  markedly  improved  survival  and 
phenotype,  and  we  are  optimistic  it  will  serve  the  purposes  of  our  project. 
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Figure  1,  Impact  of  breeding  epidFt/r-/-  mice  with  mice  expressing  AelCtunbl  or  caCtnnbl  in 
their  keratinocytes.  Tamoxifen  was  administered  at  week  4,  and  these  photos  and  histology  were 
obtained  at  8  wks.  The  controls  are  littermates  lacking  ere.  The  effect  of  deleting  Vdr  is  not  yet 
evident,  unlike  the  impact  of  manipulating  CTNNBl  levels. 


At  this  point  we  have  only  completed  the  40wk  protocol  of  UVB  radiation  on  the  VDR  null  and 
VDR/  P-catenin  null  mice.  These  results  are  now  published  (table  2  and  figure  2  in  Jiang  et  al 
2013  J  Ster  Biochem  Molec  Biol  136:229-232).  This  publication  also  provides  details  of  the 
breeding  strategy  and  the  efficiency  of  gene  deletion.  In  this  study  we  observed  tumors  in  50%  of 
the  VDR/  P-catenin  double  null  mice  (figure  2  in  Jiang  et  al  2013  J  Ster  Biochem  Molec  Biol 
136:229-232)  .  Thus  we  did  not  see  the  protection  against  tumor  formation  in  the  VDR  null 
mouse  that  we  expected  to  see.  Histologic  examination  of  these  tumors  is  in  progress. 
Surprisingly,  the  del  P-catenin  mice  alone  were  more  sensitive  to  UVB  than  the  VDR/  P-catenin 
double  null  mice  with  lesions  in  the  eyes  in  particular  that  precluded  our  ability  to  complete  the 
long  term  UVB  radiation  studies.  Thus,  contrary  to  our  expectations,  lack  of  VDR  appears  to 
protect  the  del  P-catenin,  not  the  other  way  around.  This  result  could  be  explained  by  the 
increase  in  P-catenin  expression  in  the  absence  of  VDR,  even  in  the  del  P-catenin  mouse  in 
which  we  have  shown  that  the  deletion  of  P-catenin  is  70%  in  whole  skin  samples  (figure  1  in 
Jiang  et  al  2013  J  Ster  Biochem  Molec  Biol  136:229-232),  and  so  could  be  increased  by  VDR 
deletion  sufficient  to  provide  protection.  This  possibility  is  being  explored.  As  noted  above  the 
ca  P-catenin  mouse  when  homozygous  has  limited  survival,  and  we  have  only  recently  started 
the  long  term  UVB  protocol  with  the  heterozygous  ca  P-catenin  and  VDR  null/ca  P-catenin 
mouse.  We  have  not  completed  the  assessment  of  the  response  to  acute  UVB  exposure  in  these 
mice. 
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Task  2,  Determine  whether  mice  lacking  VDR  hut  with  constitutively  active  Hh  signaling 
(ptch  null)  show  accelerated  tumor  formation  following  UVB  treatment,  whereas  those 
with  an  inactivated  Shh  are  protected  from  tumor  formation.  To  complete  this  task  we  have 
obtained  ACURO  approval  (task  2a),  and  bred  mice  homozygous  for  the  floxed  VDR  with  mice 
homozygous  for  floxed  ptchl  (which  will  activate  Hh  signaling  when  deleted)  or  floxed  Shh 
(which  will  inhibit  Hh  signaling  when  deleted)  (task  2a).  Deletion  of  the  VDR  and  ptch  or  Shh  is 
accomplished  by  breeding  the  double  floxed  mice  with  ER^^-K14-cre  recombinase  (task  2b),  and 
subsequently  treating  the  mice  at  4wks  of  age  with  tamoxifen  that  activates  the  ere  recombinase 
as  described  in  task  1  (task  2c).  As  in  task  1,  these  mice  are  then  treated  acutely  or  for  up  to 
40wks  with  UVB  using  a  dose  previously  reported  to  induce  skin  tumors  in  VDR  null  mice  (but 
not  controls).  The  breeding  produces  littermates  which  have  or  lack  the  ER^^-K14-cre 
recombinase,  and  the  latter  serve  as  the  controls.  Other  controls  include  mice  lacking  only  the 
VDR  (from  task  1,  they  will  not  be  restudied),  only  lacking  ptch,  or  only  lacking  Shh.  The 
response  to  acute  and  chronic  exposure  to  UVB  will  be  analyzed  as  for  task  1 . 

Results:  We  are  not  as  far  along  in  this  task  as  for  task  1 .  The  initial  litters  of  Shh  null  and 
VDR/Shh  null  mice  had  a  more  profound  phenotype  than  we  anticipated  with  poor  growth,  loss 
of  hair,  and  on  histologic  exam  very  poor  formation  of  hair  follicles  (figure  2).  More  recent 
litters  have  been  more  viable,  and  both  long  term  and  acute  UVB  exposure  studies  have  been 
initiated,  but  we  have  not  obtained  results  as  of  yet.  Because  of  the  large  number  of  mice 
currently  under  study  we  have  deferred  the  breeding  of  the  floxed  patched  with  the  floxed  VDR 


Figure  2,  Appearance  and 
histology  of  mice  lacking  both 
VDR  and  SHH  in  their 
epidermis,  8  wk  old  epidermal 
specific  Vdr  and  Shh  double¬ 
null  mice  demonstrate  hair  loss 
(prominent  on  ears  and  around 
eyes)  and  ragged  ears  3  weeks 
after  tamoxifen  injection 
(B),  versus  normal  hair/skin  in 
control  (A).  H&E  staining  of 
the  skin  shows  abnormal 
degenerating  hair  follicles  with 
hyper-proliferation  of 
sebaceous  glands  and  epidermis 
(D)  vs.  control  (C).  Bar;  20x 


for  the  time  being. 


Although  not  part  of  the  original  proposal,  we  have  also  observed  that  lack  of  the  VDR  results  in 
the  overexpression  of  tumorigenic  long  noncoding  RNAs  (IncRNA)  and  suppression  of  tumor 
suppressor  IncRNAs,  several  of  which  alter  the  HH  and  P-catenin  signaling  pathways.  Our  recent 
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data  with  these  observations  are  found  in  table  1  in  Jiang  YJ  and  Bikle  DD  2014  J  Ster  Biochem 
Molec  Biol  (in  press). 


KEY  RESEARCH  ACCOMPLISHMENTS 

1.  First  development  of  mice  with  a  combined  loss  of  VDR  and  P-catenin  postnatally  from 
the  epidermis.  Loss  of  P-catenin  postnatally  results  in  faster  hair  loss  than  does  loss  of 
VDR. 

2.  First  demonstration  that  loss  of  VDR  paradoxically  protects  P-catenin  null  mice  from 
UVB  damage  to  epithelial  structures  such  as  eyes  and  epidermis,  whereas  loss  of  P- 
catenin  fails  to  protect  VDR  null  mice  from  UVB  induced  tumor  formation. 

3.  Confirmation  of  earlier  studies  that  constitutive  activation  of  P-catenin  causes 
hyperproliferation  of  immature  hair  follicles,  although  this  was  the  first  demonstration 
that  this  could  be  induced  following  the  developmental  hair  follicle  cycle. 

4.  First  demonstration  that  deletion  of  Shh  postnatally  produces  a  profound  loss  of  hair 
follicles. 

REPORTABLE  OUTCOMES 

Manuscripts  and  presentations: 

1.  Bikle  DD  2012.  Protective  actions  of  vitamin  D  in  UVB  induced  skin  cancer.  Photochem 
PhotobiolScill;  1808-  1816 

2.  Bikle  DD  and  Jiang  Y.  2013.  The  protective  role  of  vitamin  D  signaling  in  non¬ 
melanoma  skin  cancer  5:1426-1438. 

3.  Jiang  YJ,  Teichert  AE,  Fong  C,  Oda  Y,  Bikle  DD.  2013  l,25(OH)2-Dihydroxyvitamin 
D3A^DR  protects  the  skin  from  UVB-induced  tumor  formation  by  interacting  with  the  P- 
catenin  pathway.  J  Ster  Biochem  Molec  Biol  136:  229-232 

4.  Bikle  DD,  Elalieh  H,  Welsh  J,  Oh  D,  Cleaver  J,  Teichert  A.  2013  Protective  role  of 
vitamin  D  signaling  in  skin  cancer  formation.  J  Ster  Biochem  Molec  Biol  136:  271-279. 

5.  Bikle  DD  2013.  The  vitamin  D  receptor:  a  tumor  suppressor  in  skin  In:  Sunlight, 
Vitamin  D  and  Skin  Cancer,  2"‘*  Edition  ed  by  Reichrath  J,  Landes  Bioscience  (in 
press) 

6.  Jiang  YJ,  Bikle  DD  2013.  Long  non-coding  RNA:  a  novel  mechanism  for  the  protective 
role  of  vitamin  D  signaling  in  skin  cancer  formation.  Oral  presentation  at  the  16^’’ 
Vitamin  D  Workshop,  June  2013. 

7.  Jiang  YJ,  Bikle  DD  2014.  Long  non-coding  RNA  profiling  reveals  new  mechanism  of 
VDR  protection  skin  cancer  formation.  Journal  of  Steroid  Biochemistry  and  Molecular 
Biology  (in  press). 

8.  Jiang  YJ,  Bikle  DD  2013.  Long  non-coding  RNA:  a  new  player  in  VDR  protection 
against  skin  cancer  formation  (review).  Experimental  Dermatology  (under  review). 

Development  of  novel  bioengineered  mice 

1 .  Conditional  epidermal  specific  VDR  null  mouse 

2.  Conditional  epidermal  specific  P-catenin  null  mouse 

3.  Conditional  epidermal  specific  VDR/  P-catenin  null  mouse 

4.  Conditional  epidermal  specific  constitutively  activated  (ca)  P-catenin  mouse 
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5.  Conditional  epidermal  specific  VDR  null/ca  P-catenin  mouse 

6.  Conditional  epidermal  specific  Shh  null  mouse 

7.  Conditional  epidermal  specific  VDR/Shh  null  mouse 

8.  Conditional  epidermal  specific  Ptch  null  mice 

CONCLUSIONS 

We  have  developed  a  number  of  bioengineered  strains  of  mice  that  serve  as  models  for  over 
expression  or  under  expression  of  the  HH  and  wnt/p-catenin  pathways,  to  determine  whether 
these  pathways  would  alter  the  susceptibility  of  the  VDR  null  mouse  to  UVB  induced  epidermal 
cancer.  Much  of  the  first  year  has  been  devoted  to  developing  these  mouse  models,  which  is  now 
achieved.  In  the  case  of  the  epidermal  specific  VDR/  P-catenin  null  mouse,  we  did  not  find  the 
protection  we  anticipated  in  that  these  mice  did  develop  tumors  over  the  40wk  period  of  UVB 
exposure.  We  have  also  had  to  modify  our  breeding  strategy  in  some  models  in  that  homozygous 
expression  of  the  active  form  of  P-catenin  proved  excessive  leading  to  decreased  survival. 
However,  we  have  initiated  both  long  and  short  term  UVB  exposures  for  most  of  the  models,  and 
expect  to  complete  most  of  the  studies  in  the  coming  year. 
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Ultra  violet  (UV)  irradiation,  in  particular  UVB,  is  the  single  most  important  carcinogen  for  skin  tumor 
formation.  UVB  induces  genetic  mutations  and  immune  suppression,  which  lead  to  abnormal  cell  pro¬ 
liferation  and  eventually  tumor  formation.  Previously  studies  from  our  group  and  others  demonstrated 
that  both  global  and  epidermal  specific  VDR  knock  out  mice  are  predisposed  to  either  chemical  (DMBA)- 
or  long-term  UVB-induced  skin  tumor  formation,  paralleled  by  an  increase  in  |3-catenin  signaling.  Using 
primary  cultured  human  keratinocytes,  we  further  demonstrated  that  l,25(OH)2-dihydroxyvitamin  D3 
(1,25(0H)2D3)  suppresses  cyclin  D1  and  Glil  which  are  regulated  by  |3-catenin/TCF  signaling  and  have 
a  critical  role  in  epidermal  carcinogenesis.  Blockage  of  VDR  by  siRNA  resulted  in  hyperproliferation 
of  keratinocytes,  and  increased  expression  of  cyclin  D1  and  Glil.  In  addition,  we  also  showed  that 
1,25(0H)2D3/VDR  directly  regulates  transcriptional  activity  of  (3-catenin/TCF  signaling  using  the  -catenin 
reporter  TopGlow.  Using  I<14  driven  tamoxifen-induced  ere  recombinase  to  delete  both  VDR  and  (3- 
catenin  in  keratinocytes  of  mice  following  the  first  hair  follicle  cycle,  we  found  that  ablation  of  epidermal 
specific  P-catenin  cannot  rescue  VDR  null  mice  from  UVB-induced  skin  tumor  formation.  Further  study 
using  VDR  or  P-catenin  single  null  mice  is  necessary  to  compare  with  the  data  from  double  null  mice. 
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1.  Introduction 

Accumulating  evidence  suggests  that  chronic  sun  exposure  is 
the  single  most  important  etiological  factor  for  the  pathogenesis 
of  non-melanoma  skin  cancer  (NMSC),  including  squamous  cell 
carcinoma  (SCC)  and  basal  cell  carcinoma  (BCC)  [1-4],  Epidemio¬ 
logical  data  also  show  an  association  between  the  development  of 
malignant  melanoma  (MM)  and  short-term  intense  UV-exposure, 
particularly  when  sunburns  occur  in  youth  [5,6],  The  solar 
UV-spectrum  can  be  divided  into  several  bands  with  different 
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physical  and  biological  properties:  UVC  (wavelength  <  280  nm), 
UVB  (280-310  nm)  and  UVC  (31 5-400  nm).  While  the  predominant 
part  of  the  short-wave,  high-energy  and  destructive  UV-spectrum 
(UVC  and  part  of  UVB)  can  be  absorbed  by  the  ozone  layer,  UVA  radi¬ 
ation  penetrates  deeper  into  the  dermis  and  deposits  30-50%  of  its 
energy  in  the  dermal  papillare  (resulting  in  skin  aging  and  solar 
elastosis).  On  the  other  hand,  the  majority  of  UVB  can  be  absorbed 
by  the  epidermis  (resulting  in  skin  cancer  development)  [7].  Both 
UVA  and  UVB  radiation  induce  DNA  damage,  resulting  in  mutagenic 
photoproducts  including  cyclobutane  pyrimidine  dimer  (CpD)  and 
6-4-photoproducts.  In  fact,  gene  mutation  has  been  implicated  for 
the  pathogenesis  of  skin  cancer  including  p53  mutations  (actinic 
keratosis,  SCC)  [7],  and  mutations  in  the  patched  (PTCH)/sonic 
hedgehog  pathway  (BCC)  [8-10],  Together,  sun  exposure-induced 
premature  skin  aging,  sunburns,  immunesuppression  and  activa¬ 
tion  of  latent  viruses,  which  alone  or  in  concert  with  each  other 
could  contribute  to  photocarcinogenesis.  However,  the  mechanism 
of  UVB-induced  skin  cancer  at  the  molecular  level  remains  largely 
unknown. 

In  addition  to  the  DNA  damage,  sunlight  induces  production  of 
vitamin  D  whose  metabolite  la,25(OH)2D3  has  significant  protec¬ 
tive  effect  against  the  development  of  various  types  of  cancer  [11], 
Recently,  studies  from  our  group  and  others  demonstrated  that 
global  vitamin  D  receptor  (VDR)  mice  are  predisposed  to  either 
chemical  (DMBA)  or  UVB-induced  skin  tumor  formation  [12-14], 
indicating  a  role  of  la,25(OH)2D3/VDRas  tumor  suppressor  in  skin. 
However,  the  mechanism  of  VDR  protection  against  chemical  or 
UVB-induced  skin  tumor  is  not  clear. 

la,25(OH)2D3  acts  via  binding  to  its  corresponding  recep¬ 
tor  VDR.  VDR  belongs  to  the  subfamily  of  nuclear  hormone 
receptors  which  requires  heterodimerization  with  RXR  (retinoid 
X  receptor)  for  effective  DNA  interaction  [15].  VDR  is  encoded 
by  a  relatively  large  gene  encompassing  2  promoter  regions,  7 
protein-coding  exons  and  6  un-translated  exons  [16,17].  It  has  an 
extensive  promoter  region  capable  of  generating  multiple  tissue- 
specific  transcripts  [18]  In  addition,  VDR  extends  its  signaling 
by  directly  or  indirectly  interacting  with  many  other  proteins; 
one  such  important  protein  is  p-catenin,  in  which  VDR  and  p- 
catenin  are  cross  regulated  via  interaction  between  the  activator 
function-2  (AF-2)  domain  of  the  VDR  and  C-terminus  of  P-catenin 
[19]. 

P-Catenin  is  a  crucial  component  in  the  Wnt/p-catenin  signaling 
pathway  controlling  the  expression  of  specific  target  genes  that 
regulate  cell  proliferation,  cell  fate  and  differentiation  [20].  Fur¬ 
thermore,  the  interaction  of  P-catenin  with  VDR  has  been  shown 
to  contribute  to  at  least  some  types  of  skin  cancer  [21].  Over¬ 
expression  of  P-catenin  in  which  exon  3  is  deleted  or  mutated  leads 
to  hyperproliferation  of  hair  follicles  eventually  causing  hair  follicle 


tumors  (pilomatricomas,  trichofolliculomas)  [22,23].  Very  interest¬ 
ingly,  deletion  of  VDR  results  in  increased  P-catenin  activity.  Since 
P-catenin  is  an  oncogene  for  several  types  of  cancer,  we  hypoth¬ 
esized  that  the  predisposition  of  UVB-induced  skin  cancer  is  due 
to  increased  P-catenin  signaling,  a  hypothesis  that  we  tested  by 
deleting  both  VDR  and  p-catenin  in  the  skin  of  mice  exposed  to 
UVB. 

2.  Materials  and  methods 

2.1.  Animals 

All  animal  experimentation  in  this  study  has  been  approved  by 
the  San  Francisco  VA  Medical  Center  Animal  Review  Committee. 

Mice  homozygous  for  fioxed  VDR  (kindly  provided  by  Dr. 
Shigeaki  Kato,  Molecular  and  Cellular  Biosciences,  University  of 
Yokyo,  japan,  bred  into  the  C57BL/6  background)  were  bred  with 
mice  expressing  K14ER'^‘""  ere  recombinase  Qaekson  Lab),  which 
enabled  us  to  selectively  knockout  the  VDR  in  skin  using  parenteral 
application  of  tamoxifen  (TM).  These  ^p‘VDRI<0  were  then  crossed 
with  mice  expressing  a  fioxed  p-catenin  (exon  2-6  deletion)  (kindly 
provided  by  Dr.  Matthias  Hebrok,  Diabetes  Center,  Department  of 
Medicine,  UCSF),  to  produce  epidermal-specific  VDR  and  P-catenin 
double  knock  out  (DKO)  mice.  Genotyping  was  performed  by  PCR 
with  different  primers  designed  to  amplify  the  mutant  VDR  or  p- 
catenin,  or  wild  type  (WT)  DNA  (Table  1 ). 

2.2.  UVB  irradiation  and  tumor  monitoring 

Dorsal  skin  was  shaved  with  electric  clippers  24  h  before  UVB 
exposure.  Mice  were  TM  injected  (ip.)  after  weaning,  and  irradi¬ 
ated  3  times  per  week,  with  1-2  days  between  treatments,  and 
re-shaved  as  needed.  The  dorsal  skin  was  exposed  to  UV  irradia¬ 
tion  from  a  band  of  eight  FS-40  fluorescent  lamps  (Daavlin,  Bryan, 
OH)  as  reported  previously  [12].  Briefly,  mice  were  irradiated  ini¬ 
tially  at  the  dose  of  120mJ/cm2.  The  dose  was  then  increased  to 
25%  per  week  for  5  weeks,  up  to  400mJ/cm^  for  9  weeks,  fol¬ 
lowed  by  200  mj/cm^  until  week  40  [14].  After  UVB  treatment  for 
33  weeks,  mice  were  examined  weekly  for  tumor  development 
by  visual  inspection  and  palpation.  Mice  bearing  a  skin  growth 
1  mm  or  larger,  persisting  for  more  than  7  days,  were  scored 
positive. 

2.3.  Epidermal  preparation  and  RT-qPCR 

Mice  epidermal  preparation,  RNA  extraction  and  RT-qPCR  pro¬ 
cedures  were  described  in  detail  previously  [24]. 


Table  1 

Primers  used  in  this  study. 


Gene 

Primer  sequence 

Purpose 

Fioxed  VDR 

F* 

TCT  GAC  TCC  CAC  AAG  TGT  ACC  ACG  G 

Genotype 

R 

ATG  GAC  AGG  AAC  ACA  CAG  CAT  CA 

Fioxed  (^-catenin 

F 

AAG  GTA  GAG  TGA  TGA  AAG  TTG  TT 

Genotype 

R 

CAC  CAT  GTC  CTC  TGT  CTA  TTC 

VDR 

F 

ACCCTGGTGACTTTGACCG 

qPCR 

R 

GGCAATCTCCATTGAAGGGG 

(i-Catenin 

F 

CCCAGTCCTTCACGCAAGAG 

qPCR 

R 

CATCTAGCGTCTCAGGGAACA 

L19 

F 

TCACCCTCAGGAACACGATTG 

qPCR 

R 

GGATCTCCTGGATTCGAGGATTAT 

F:  forward;  R:  reverse. 
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3.  Results  and  discussion 

3.1.  Generation  of  epidermal-specific  VDR  and  fi-catenin  DKO 
mice 

Using  a  Cre-lox  P  system,  we  first  generated  conditional  mice 
that  specifically  delete  both  VDR  and  p-catenin  expression  in  epi¬ 
dermis.  Floxed  mice  in  which  lox  P  sites  were  inserted  into  the 
introns  upstream  and  down  stream  of  either  exon  2  of  the  VDR 
gene  (Fig.  lA),  or  exons  2-6  of  the  P-catenin  gene  (Fig.  IB),  were 
bred  with  transgenic  mice  expressing  Cre  recombinase  under  the 
control  of  the  keratin  14  promoter.  The  resulting  mice  homozygous 
floxed  for  both  VDR  and  p-catenin  and  expressing  the  Cre  transgene 
were  designated  as  double  knock  out  (DKO).  These  were  compared 
with  the  control  littermates  that  have  both  floxed  alleles  but  no 
Cre  (WT).  Upon  TM  injection,  Cre  recombinase  will  be  activated 
and  the  floxed  VDR  and  p-catenin  genes  will  be  deleted.  This  was 
confirmed  by  genotyping  (data  not  shown)  and  the  reduction  of  the 
epidermal  VDR  and  P-catenin  mRNAs  (Fig.  1,  C-D).  One  week  after 
TM  injection,  both  DKO  and  WT  mice  began  UVB  irradiation  for  40 
weeks  (Fig.  IE). 

3.2.  Increased  UVB-induced  skin  tumor  formation  in  DKO  mice 

Previously  we  and  other  groups  have  reported  that  global 
VDRKO  mice  are  predisposed  for  chemical  or  UVB-induced  skin 
tumor  formation  [12-14].  To  examine  whether  the  increased  skin 
tumor  formation  in  VDRKO  mice  are  attributable  to  the  increased 
Wnt/P-catenin  signaling,  we  generated  the  conditional  DKO  mice 


Table  2 


Genotype 

No.  of  mice 

%  with 

tumors 

Tumor  burden 
(Average) 

Response 
latency  (week) 

WT 

15 

13(2/15)1 

1 

39-40 

DKO 

8 

50  (4/8) 

1.75 

36-37 

lacking  both  VDR  and  P-catenin.  These  mice  are  viable  and  fertile; 
however,  with  time  some  DKO  (30-40%)  mice  showed  increase  pig¬ 
mentation  (Fig.  2A)  and  developed  skin  lesions  on  nose/face  even 
without  UVB  exposure  (data  not  shown).  At  the  end  of  40  week 
UVB  irradiation,  we  observed  an  increase  in  skin  tumor  formation 
in  DKO  mice  compared  with  their  WT  littermates  (Fig.  2B-D  and 
Table  2).  Of  15  WT  mice,  only  2  mice  (13%)  developed  a  small  tumor 
(<2  mm),  while  among  8  DKO  mice,  4  (50%)  were  found  to  bear  at 
least  1  tumor,  and  2  mice  were  found  to  have  2-3  tumors  for  each 
mouse  (Fig.  2E).  In  addition,  the  tumors  found  in  DKO  are  larger 
in  size  (2. 5-4.5  mm).  Histologic  analysis  is  currently  underway  to 
examine  the  type  of  tumor. 

Our  results  of  increased  UVB-induced  skin  tumor  formation  in 
DKO  mice  are  surprising.  Although  a  wealth  of  evidence  indicates 
a  role  of  p-catenin  as  an  oncogene  in  hair  follicle  tumor  formation 
because  of  its  gain-of-function  [23,25-27],  this  is  the  first  example 
that  lack  of  endogenous  P-catenin  can  also  result  in  tumor  for¬ 
mation.  Since  global  VDRKO  mice  are  predisposed  to  UVB-induced 
skin  tumor  formation,  and  P-catenin  is  the  co-activator  of  VDR 
signaling,  it  is  possible  that  ablation  of  both  proteins  synergisti- 
cally  leads  to  photo-carcinogenesis  by  some  unknown  mechanism. 


A 

1 

oxP 

(1 2 

loxP 

(LI 

3 

1  y 

/  ^  K14Cre 

^  VDR  null 

B 

lox 

1  0 
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JUM 

4  J1 

loxP 

1  9 

1 

^^K14Cre 

^  ^  R-rat  null 

E 


TM 


UVB 


do 


4-5wk 


6-7wk 


40  wk 
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Fig.  1.  Generation  of  conditional  VDR  and  (l-catenin  null  mice.  (A  and  B)  The  gene-targeting  strategy  to  delete  VDR  or  p-catenin  from  keratinocytes  by  using.  Cre-loxP  system. 
(C  and  D).  Decreased  expression  of  VDR  or  p-catenin  mRNA  was  shown  by  RT-qPCR.  (E)  Method  of  UVB-induced  skin  tumor  formation  in  I<14  driven,  TM-induced  VDR  and 
P-catenin  null  mice. 
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Fig.  2.  Conditional  deletion  of  VDR  and  (3-catenin  in  epidermis  promotes  UVB-indiiced  skin  tumors.  (A)  The  whole  body  of  DKO  mouse  shows  pigmentation  (arrow)  and 
hair,  two  solid  dark-brown  tumors  (B  and  D)  and  one  white,  exophytic  tumor  (C).  (E)  The  graph  shows  the  increased  rate  (%)  of  skin  tumor  formation  in  DKO  vs.  WT  control. 


In  this  regard,  the  inhibitory  effect  of  1 ,25(OH)2  -D3  /VDR  on  Wnt/ p- 
catenin  signaling  seems  not  to  play  a  major  role  in  preventing 
photocarcinogenesis.  A  thorough  comparison  of  the  outcome  of 
long-term  UVB  irradiation  on  ^p'VDR  and  ^P‘P-catenin  single  KO 
mice  will  provide  important  comparisons. 
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Vitamin  D  sufficiency  is  associated  with  protection  against  malignancy  in  a  number  of  tissues  clinically, 
and  a  strong  body  of  evidence  from  animal  and  cell  culture  studies  supports  this  protective  role.  Cancers 
in  the  skin  differ,  however,  in  that  higher  serum  levels  of  250HD  are  associated  with  increased  basal 
cell  carcinomas  (BCC),  the  most  common  form  of  epidermal  malignancy.  This  result  may  be  interpreted 
as  indicating  the  role  of  UVR  (spectrum  280-320)  in  producing  vitamin  D  in  the  skin  as  well  as  caus¬ 
ing  those  DNA  mutations  and  proliferative  changes  that  lead  to  epidermal  malignancies.  Recent  animal 
studies  have  shown  that  mice  lacking  the  vitamin  D  receptor  (VDR)  are  predisposed  to  developing  skin 
tumors  either  from  chemical  carcinogens  such  as  7,12-dimethylbenzanthracene  (DMBA)  or  chronic  UVR 
exposure.  Such  studies  suggest  that  vitamin  D  production  and  subsequent  signaling  through  the  VDR 
in  the  skin  may  have  evolved  in  part  as  a  protective  mechanism  against  UVR  induced  epidermal  can¬ 
cer  formation.  In  this  manuscript  we  provide  evidence  indicating  that  vitamin  D  signaling  protects  the 
skin  from  cancer  formation  by  controlling  keratinocyte  proliferation  and  differentiation,  facilitating  DNA 
repair,  and  suppressing  activation  of  the  hedgehog  (Hh)  pathway  following  UVR  exposure. 
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1.  Vitamin  D  and  skin  cancer 

Skin  cancer  is  by  far  the  most  common  maiignancy.  Numer¬ 
ous  studies  over  the  past  30  years  have  evaiuated  the  potentiai 
of  1,25-dihydroxyvitamin  D3  [l,25(OH)2D3]  for  anticancer  activ¬ 
ity  [1  ].  Most  maiignant  ceiis  express  VDR  inciuding  basai  ceii  (BCC) 
and  squamous  ceii  (SCC)  carcinomas  [2,3]  as  weii  as  meianomas  [4], 
The  generaiiy  accepted  potentiai  for  l,25(OH)2D3  in  the  preven¬ 
tion  and  treatment  of  maiignancy  rests  with  its  antiproiiferative. 
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prodifferentiating  actions.  Epidemiologic  evidence  linking  ade¬ 
quate  vitamin  D  levels  to  colon  cancer  prevention  is  particularly 
strong,  although  the  role  of  vitamin  D  in  the  prevention  of  other 
cancers  has  also  been  implicated  [5-9],  This  epidemiologic  evi¬ 
dence  is  lacking  for  skin  cancers,  however  [10-12],  with  several 
studies  suggesting  a  positive  correlation  between  250HD  levels 
and  BCC  [13].  Most  likely  the  lack  of  epidemiologic  evidence  for 
a  positive  role  for  vitamin  D  in  preventing  skin  cancer  is  due  to  the 
dual  effect  of  UVB  radiation  (UVR)  in  promoting  vitamin  D3  and 
1,25(0H)2D3  synthesis  in  the  skin  and  in  increasing  DNA  damage 
leading  to  skin  cancer  negating  the  benefit  of  UVB  induced  vita¬ 
min  D  production.  However,  a  threshold  of  UVR  exposure  may 
exist  that  would  meet  the  nutritional  requirements  for  vitamin 
D  production  without  increasing  the  risk  for  epidermal  tumor 
formation. 
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Fig.  1.  Tumors  induced  by  UVR  in  VDR  nuil  mice.  (A)  Representative  sections  of  skin  from  8  months  old  VDR  null  mice  without  UVB  exposure,  wild-type  mice  after  40 
weeks  of  UVB  exposure  and  CYP27B1  null  mice  after  40  weeks  of  UVB  exposure.  (B)  Tumors  from  VDR  null  mice  exposed  to  40  weeks  of  UVB  irradiation  were  collected  and 
classified  into  papillomas,  squamous  cell  carcinomas  (SCC),  keratoacanthomas  and  basal  cell  carcinomas  (BCC). 

Adapted  from  Teichert  et  al.  The  Journal  of  Investigative  Dermatology  131 :2289-2297  (2011)  with  permission. 


Animal  studies  suggest  that  vitamin  D  plays  a  protective 
role  in  the  skin  with  respect  to  carcinogenesis.  Zinser  et  al. 
[14]  treated  VDR  null  mice  orally  with  the  carcinogen  7,12- 
dimethylbenzanthracene  (DMBA),  attempting  to  induce  breast 
cancers,  but  to  their  initial  surprise  85%  of  the  VDR  null  mice  devel¬ 
oped  skin  tumors.  The  wildtype  controls  did  not  develop  tumors. 
Other  groups  have  confirmed  these  results  with  the  topical  admin¬ 
istration  of  DMBA/TPA  [15],  Ellison  et  al.  [  1 6]  extended  these  results 
by  demonstrating  that  the  VDR  null  mice  all  developed  tumors  in 
response  to  UVR,  with  few  tumors  appearing  in  the  wildtype  con¬ 
trols.  We  have  confirmed  these  results  with  our  own  studies  [17] 
(Fig.  1 ).  Surprisingly  mice  lacking  the  ability  to  produce  1 ,25(OH)2  D 
(CYP27B1  null)  did  not  show  increased  susceptibility  to  tumor  for¬ 
mation  following  either  DMBA  [16]  or  UVR  [17]. 

We  considered  three  mechanisms,  not  necessarily  independent, 
underlying  the  protective  role  of  vitamin  D  in  tumor  formation. 
First,  vitamin  D  signaling  has  a  well  established  role  in  inhibi¬ 
ting  proliferation  and  promoting  differentiation  of  keratinocytes 
[18].  Thus  lack  of  vitamin  D  signaling  could  lead  to  unchecked 
proliferation  of  poorly  differentiated  cells  especially  after  a  prolife¬ 
rative  stimulus  such  as  UVR.  Secondly,  UVR  induces  characteristic 
alterations  in  DNA  (cyclobutane  pyrimidine  dimers  [CPD]  and  6,4- 
photoproducts  [6,4PP])  that  if  not  repaired  lead  to  mutations  with 
the  potential  for  initiating  cancer.  Studies  from  several  research 
groups  including  our  own  [19,20]  have  shown  that  vitamin  D 
signaling  enhances  DNA  repair.  Finally,  activation  of  hedgehog 
signaling  is  associated  with  essentially  all  BCC  [21]  and  many  SCC 
[22].  We  [17]  have  found  that  mice  lacking  the  VDR  have  constitu- 
tively  active  hedgehog  signaling,  and  that  l,25(OH)2D  can  suppress 
this  pathway  in  normal  skin.  Recent  data  from  our  laboratory 


supporting  the  role  of  these  three  mechanisms  form  the  basis  of 
this  report. 

2.  Vitamin  D  regulation  of  proliferation  and  differentiation 

The  VDR  null  mouse  shows  increased  proliferation  and  marked 
abnormalities  in  differentiation  especially  in  the  latter  stages  of 
catagen  [23[.  These  observations  in  vivo  were  confirmed  in  vitro  by 
knocking  down  the  expression  ofVDR  and  the  coactivator,  DR1P205, 
most  associated  with  the  action  of  VDR  in  the  proliferating  kera- 
tinocyte  [24[.  The  results  are  shown  in  Fig.  2  and  demonstrate 
that  lack  of  VDR  and  its  coactivator  DR1P205  increase  proliferation, 
decrease  apoptosis,  and  alter  the  morphology  of  the  keratinocyte 
from  the  normal  cuboidal  form  with  tight  intercellular  junctions  to 
a  loosely  aggregated  collection  of  spindly  shaped  cells  suggesting  a 
change  to  a  more  primitive,  less  differentiated  cell.  The  loss  of  dif¬ 
ferentiation  assessed  morphologically  was  confirmed  by  decreased 
expression  of  various  differentiation  dependent  markers  and  func¬ 
tions  [23-25].  When  VDR  null  mice  were  exposed  to  one  dose  of 
UVR  they  showed  a  greater  stimulation  of  proliferation  than  did 
their  wildtype  littermates  (Fig.  3A),  and  proliferation  continued  to 
increase  for  at  least  48  h,  whereas  that  of  the  wildtype  littermates 
reached  a  plateau  at  24  h.  This  resulted  in  an  almost  3-fold  increase 
in  epidermal  thickness  in  the  VDR  null  mice  compared  to  wildtype 
littermates  by  48  h  (Fig.  3B). 

3.  Vitamin  D  regulation  of  DNA  damage  repair 

The  ozone  layer  protects  us  from  UV  wavelengths  shorter  than 
280  nm  (UVC).  UV  wavelengths  longer  than  320  nm  (UVA)  have 
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Fig.  2.  Regulation  of  keratinocyte  proliferation  and  differentiation  by  VDR  and  its  coactivators.  Epidermal  keratinocytes  were  transfected  with  non-targeted  siRNA  for 
control  (sicontrol),  VDR  (siVDR),  and  DR1P205  (siDRIP).  VDR  and  DRIP  expression  was  reduced  as  shown  by  qRTPCR  (a)  and  western  analysis  (b).  Cells  were  maintained  in  low 
calcium  (0.03  mM)  to  keep  them  proliferative.  Cell  proliferation  was  assessed  by  BrdU  incorporation  ((c)  and  (e)  BrdU)  and  XTT  assay  ((d)  XTT).  The  BrdU  incorporated  cells 
(brown)  were  counted  using  Bioquant  and  expressed  as  %  total  cells  (blue  counter  staining)  (c)  and  (e).  Keratinocyte  apoptosis  was  evaluated  by  measuring  DNA  fragmentation 
using  Apoptaq  in  situ  apoptosis  peroxidase  detection  kit  (Chemicon)  ((c)  and  (f)  TUNEL  staining).  The  brown  DNA  fragmented  cell  nuclei  (black  arrows)  per  total  cells  (blue 
counter  staining)  were  counted.  Over  5000  cells  were  counted  in  three  batches  of  keratinocytes  to  make  these  calculations  ((f)  apoptosis).  The  hyperproliferation  and 
decreased  apoptosis  were  accompanied  by  morphologic  changes  from  normal  cuboidal  epithelial  cells  tightly  aggregated  to  loosely  aggregated  spindle  shaped  cells  (red 
arrows). 


been  thought  to  have  limited  ability  to  induce  the  characteris¬ 
tic  mutations  in  DNA  seen  in  epidermal  cancers,  although  recent 
studies  indicate  that  UVA  can  cause  oxidative  DNA  damage  that  is 
potentially  mutagenic  [26],  However,  the  major  cause  of  skin  cancer 
is  attributed  to  UVB  with  a  spectrum  between  280  and  320  nm  [27], 
UVR  induced  DNA  damage  includes  the  formation  of  cyclobutane 
pyrimidine  dimers  (CPD)  and  pyrimidine(6-4)pyrimidone  photo¬ 
products  (6-4PP).  If  these  lesions  are  not  repaired  C  to  T  or  CC  to  TT 
mutations  result,  the  UVR  “signature”  lesion  [28].  These  mutations 
are  often  found  in  p53  in  BCC,  SCC  [29-32]  and  actinic  keratoses,  the 
precursor  lesion  to  SCC  [33[.  Preventing  UVR  induced  DNA  damage 
from  producing  DNA  mutations  is  the  role  of  DNA  damage  repair 
(DDR)  mechanisms.  DDR  coordinates  the  response  of  the  cell  cycle 
to  DNA  damage  through  mechanisms  involving  damage  recogni¬ 
tion,  repair  and  signal  transduction.  These  mechanisms  include  cell 
cycle  checkpoints  to  delay  the  cell  cycle,  providing  time  for  repair  or 
activating  senescent  and  apoptotic  pathways.  These  mechanisms 
vary  according  to  cell  types,  species,  and  damaging  agents.  The 
accuracy  and  tight  control  of  DDR  in  normal  primary  cells  keeps 
the  spontaneous  mutation  rate  very  low  [34-36].  However,  with 
malignant  transformation  control  of  DDR  is  lost,  and  mutation  rates 
and  copy  number  abnormalities  increase  substantially  [34-38]. 

Nucleotide  excision  repair  (NER)  is  the  principal  means  by 
which  UVR  damage  is  repaired.  By  removing  DNA  damage  before 
DNA  replication  begins  NER  can  reduce  the  amount  of  damage 
resulting  in  mutations  that  get  incorporated  into  the  DNA  during 


replication  [39,40].  The  two  major  processes  [41]  used  by  NER 
include  transcription  coupled  repair  (TCR)  involving  the  repair  of 
genes  undergoing  active  transcription  [42-46]  and  global  genomic 
repair  (GGR)  for  the  non-transcribed  regions  of  the  genome  [47[. 
Heritable  mutations  in  NER  genes  occur  in  several  human  diseases 
with  increased  susceptibility  to  UVR  induced  epidermal  malignan¬ 
cies  such  as  xeroderma  pigmentosum  (XP)  and  Cockayne  syndrome 
(CS)  [47[.  Identification  of  the  genes  mutated  in  these  diseases  has 
assisted  substantially  in  identifying  the  genes  and  their  protein 
products  critical  for  DDR. 

Keratinocytes  in  the  epidermis  of  mice  lacking  a  VDR  show 
markedly  retarded  DDR  [20[.  This  is  demonstrated  by  a  reduced  rate 
of  clearing  CPDs  and  6,4PPs  following  UVR  whether  administered 
in  vivo  (Fig.  4A)  or  in  vitro  in  epidermal  sheets  from  VDR  null  mice 
(Fig.  4B),  and  is  associated  with  decreased  survival  after  UVR  expo¬ 
sure.  The  decreased  clearance  of  CPDs  in  the  VDR  null  epidermis 
represents  a  failure  of  global  DNA  repair  rather  than  transcription 
coupled  repair  in  that  hydroxyurea  (to  block  DNA  synthesis)  did  not 
have  a  significant  effect  on  the  results  in  these  experiments  (P= 0.3) 
(Fig.  4B).  The  Mason  laboratory  [48,49]  and  others  [50]  demon¬ 
strated  that  1,25(0H)2D3  topically  applied  protected  the  skin  from 
UVR  induced  photodamage  including  increased  clearance  of  CPDs, 
decreased  apoptosis,  increased  survival,  and  increased  expression 
of  p53.  Moll  et  al.  [51]  observed  an  upregulation  of  two  genes 
important  for  DDR:  XPC  (xeroderma  pigmentosum  complemen¬ 
tation  group  C)  and  DDB2  (damage-specific  DNA  binding  protein 
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Fig.  3.  Hyperproliferative  response  to  UVR  in  VDR  null  epidermis.  Wild-type  mice  exposed  to  1  dose  of  UVB  (477mJ/cm^)  showed  increased  proliferation  ((A)  PCNA 
staining)  and  epidermal  hyperplasia  ((B)  H&E  staining)  up  to  24  h  after  treatment  with  no  further  increase  at  48  h.  VDR  null  mice  exposed  to  the  same  dose  of  UVB  showed 
significantly  more  pronounced  proliferation  (A)  and  epidermal  hyperplasia  (B)  that  continued  to  increase  at  48  h. 

Adapted  from  Teichert  et  al.  The  Journal  of  Investigative  Dermatology  131 :2289-2297  (2011)  with  permission. 
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Fig.  4.  Defective  DNA  damage  repair  in  VDR  null  mouse  epidermis  following  UVR.  (A)  Wildtype  and  VDR  null  mice  were  exposed  to  1  dose  of  UVB  (400  mj/cm^ )  and 
the  skin  evaluated  for  the  presence  of  CPDs  over  the  subsequent  48  h  by  immunohistochemistry  (antiCPD  from  Cosmo  Biosdences).  CPDs  were  completely  cleared  by  24  h 
in  the  wildtype  mouse  epidermis,  but  persisted  through  48  h  in  the  VDR  null  mouse  epidermis.  (B)  The  epidermis  from  2  d  old  wildtype  and  VDR  null  mice  was  exposed  to 
35.4mJ/cm^  UVB,  and  CPDs  and  6,4PPs  (detected  by  immunoblots)  measured  immediately  after  irradiation  and  after  46  h.  In  the  experiment  measuring  CPDs,  half  of  the 
epidermal  explants  were  treated  with  hydroxyurea  (HU)  to  block  DNA  synthesis  prior  to  and  following  irradiation.  Clearance  of  CPDs  and  6,4PPs  was  markedly  impaired  in 
the  VDR  null  epidermal  explants  consistent  with  the  in  vivo  results  in  A. 

Adapted  from  Oh  et  al.  The  Journal  of  Investigative  Dermatology  132:2097-2100, 2012. 


2  also  known  as  XPE)  following  l,25(OH)2D3  treatment.  These 
actions  of  vitamin  D  signaling  on  DDR  are  likely  to  account  for  part 
of  the  reduced  susceptibility  of  normal  skin  to  UVR  induced  tumor 
formation. 

4.  Vitamin  D  regulation  of  hedgehog  signaling 

Mutations  in  patched  1  (Ptchl ),  a  key  component  of  the  hedge¬ 
hog  signaling  pathway,  were  discovered  as  the  main  cause  of  the 
basal  cell  nevus  syndrome  (BCNS)  (Gorlin  syndrome),  with  its  high 
susceptibility  to  the  development  of  BCCs  [21,52],  Moreover,  most 
sporadic  BCCs  have  mutations  in  Ptch  1  or  other  alterations  in  Hh 
signaling  [53],  The  Ptchl+/-  (Gorlin)  mouse  was  then  developed 
as  the  first  practical  model  of  murine  BCCs  [53],  and  they  are  quite 
susceptible  to  the  development  of  BCC  and  SCC  following  UVR  or 
ionizing  radiation  [53],  Ptch  1  is  the  membrane  receptor  for  sonic 
hedgehog  (Shh)  which  in  the  basal  state  inhibits  the  function  of 
smoothened  (Smoh),  also  in  the  membrane.  In  the  presence  of 


Shh  this  inhibition  of  Smoh  is  lost  resulting  in  the  activation  of 
a  family  of  transcription  factors  Glil,  Gli2,  and  Gli3.  These  Gli  fac¬ 
tors  in  the  basal  state  are  maintained  in  the  cytoplasm  bound  to 
suppressor  of  fused  (Sufu),  but  with  the  activation  of  Smoh  these 
factors  are  released  from  Sufu,  enter  the  nucleus,  and  promote  Hh 
signaling  [54,55].  Mutations  in  Sufu  have  not  been  found  in  cases 
of  BCC  but  are  associated  with  medulloblastomas,  an  additional 
feature  of  the  Gorlin  syndrome  [56].  Glil  and  2  overexpression 
in  keratinocytes  increase  the  expression  of  components  of  the  Hh 
pathway,  the  antiapoptotic  factor  bcl2,  cyclins  D1  and  D2,  E2F1, 
cdc45  while  suppressing  genes  associated  with  keratinocyte  dif¬ 
ferentiation  including  VDR  [57-61  ].  Moreover  mice  overexpressing 
Glil ,  Gli2,  or  Shh  in  their  basal  keratinocytes  or  in  human  skin  grafts 
[60-63]  develop  BCC  like  lesions,  and  BCC  overexpress  these  Hh 
pathway  components  [64-66]. 

The  appearance  of  BCC  in  VDR  null  mice  following  DMBA  or 
UVR  was  at  first  surprising  since  UVR,  ionizing  radiation,  or  chem¬ 
ical  carcinogens  generally  induce  SCC  not  BCC  [29[.  However,  we 
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Ptchl  Smoh  Shh  Glil  G\\2 


Ratio  tumor/control  1.53  3.65  3.08  1.75  1.56 

Fig.  5.  Overexpression  of  the  Hh  pathway  in  VDRnull  mouse  skin  and  tumors.  (A)  Shh,  Ptchl ,  Smoh,  Glil  and  Gli2  proteins  as  shown  by  the  brown  signal  were  overexpressed 
in  the  epidermis  and  hair  follicles  of  VDR  null  mice  compared  to  their  wild-type  littermates  at  11  weeks  after  birth  by  immunocytochemistry.  Slides  were  counterstained 
with  hematoxylin  (blue  stain).  The  bar  denotes  50  mm.  The  protein  levels  were  quantified  by  western  blot.  The  numerical  value  represents  the  average  ratio  of  VDR  null 
band  intensity  versus  wild-type  band  intensity  from  three  mice  per  group.  *p  <  0.05.  B.  Shh.  Ptchl ,  Smoh,  Glil  and  Gli2  proteins  as  detected  by  immunohistochemistry  in  a 
papilloma  from  a  VDR  null  mouse  treated  with  DMBA  and  in  a  BCC  from  a  VDR  null  mouse  treated  with  UVB.  Slides  were  counterstained  with  hematoxylin  (blue  stain).  The 
bar  denotes  50  mm.  Shh.  Ptchl.  Smoh,  Glil  and  Gli2  protein  levels  were  also  measured  by  western  blot  in  skin  tumors  and  tumor  free  tissue  from  DMBA  treated  VDR  null 
mice.  The  numerical  value  represents  the  mean  ratio  of  the  tumor  band  intensity  versus  tumor  free  tissue  band  intensity  from  three  mice.  *p  <  0.05. 

Adapted  from  Teichert  et  al.  The  Journal  of  Investigative  Dermatology  131 :2289-2297  (201 1 )  with  permission. 


[17]  (Fig.  5A)  found  that  elements  of  the  Hh  signaling  pathway  are 
overexpressed  in  the  epidermis  and  epidermal  portion  (utricles) 
of  the  hair  follicles  of  adult  VDR  null  animals.  Thus  we  postulated 
that  loss  of  1,25(0H)2D3  and/or  VDR  regulation  of  Hh  signaling  is 
one  of  the  causes  of  the  increased  susceptibility  of  the  epidermis 


to  malignant  transformation.  Examination  of  the  tumors  following 
either  DMBA  or  UVR  treatment  (Fig.  5B)  revealed  overexpression  of 
elements  of  the  Hh  signaling  pathway  compared  to  adjacent  normal 
skin  [17].  These  observations  raised  the  question  whether  vitamin 
D  signaling  in  the  skin  regulates  Hh  signaling,  and  if  so  whether 
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Fig.  6.  Suppression  of  Hh  pathway  in  mouse  skin  by  l,25(OH)2D  acting  through  the  VDR.  (A)  Treatment  of  epidermal  preparations  from  wild-type  mice  in  culture  with 
1,25(0H)2D3  X  M  or  EtOH  for  24h  induced  Cyp24  expression  and  repressed  Shh,  GUI,  Gh2  and  Ptchl  expression.  (B)  Epidermal  preparations  from  wild-type  and  VDR 
null  mice  in  culture  were  treated  with  l,25(OH)2D3  x  10^®  M  or  EtOH  for  24h.  Absence  of  VDR  expression  was  verified  in  VDR  null  mice,  and  their  epidermis  failed  to 
respond  to  l,25(OH)2D3  induction  of  Cyp24  expression  unlike  that  in  wild-type  mice.  l,25(OH)2D3  treatment  repressed  Shh,  Glil,  Gli2  and  Ptchl  expression  only  in  wild-type 
preparations,  "p  <  0.05. 

Adapted  from  Teichert  et  al.  The  Journal  of  Investigative  Dermatology  131 :2289-2297  (2011)  with  permission. 


the  loss  of  such  regulation  predisposes  animals  lacking  VDR  to  skin 
cancer.  Indeed,  we  found  that  in  epidermal  sheets  and  full  thick¬ 
ness  explants  of  skin  l,25(OH)2D3  inhibits  the  expression  of  all 
elements  of  the  Hh  pathway  (Fig.  6A),  and  this  suppression  requires 
the  VDR  (Fig.  6B).  Although  our  results  indicate  that  suppression  of 
the  Hh  pathway  occurs  via  the  genomic  actions  of  l,25(OH)2D3 
acting  through  its  receptor,  other  studies  have  shown  that  vitamin 
D  itself  as  well  as  its  precursor  7-dehydrocholesterol  can  bind  to 
and  inhibit  the  actions  of  Smoh  directly  [67,68],  However,  there 
remains  uncertainty  about  the  relative  role  of  this  mechanism  vs 
that  of  the  genomic  suppression  of  the  Hh  pathway  by  l,25(OH)2D 
and  the  VDR. 

5.  Summary  and  conclusions 

Although  clinical  data  regarding  the  protective  role  of  vitamin 
D  signaling  in  skin  cancer  formation  remain  ambiguous,  the  role 
of  the  VDR  and  its  ligand  in  this  protective  function  in  mice  is 
not.  Lack  of  VDR  predisposes  to  epidermal  tumor  formation.  Sur¬ 
prisingly  deletion  of  CYP27B1  (the  1 -hydroxylase)  does  not  by 
itself  predispose  to  tumor  formation  with  the  conditions  employed 
(DMBA,  UVR  in  a  tumor  resistant  mouse  strain),  but  l,25(OH)2D 
does  protect  against  tumor  formation  when  applied  topically,  and 
it  enhances  VDR  regulation  of  proliferation,  differentiation,  and 
Hh  signaling.  We  have  explored  3  mechanisms  by  which  vita¬ 
min  D  signaling  might  be  protective  against  tumor  formation. 


First  we  discussed  the  well  established  ability  of  l,25(OH)2D  and 
VDR  to  regulate  keratinocyte  proliferation  and  differentiation,  not¬ 
ing  that  loss  of  VDR  increased  the  proliferative  response  of  the 
epidermis  to  UVR.  Second  we  examined  the  role  of  vitamin  D 
signaling  in  DNA  damage  repair  (DDR),  and  demonstrated  that 
lack  of  VDR  impaired  this  process  most  likely  by  limiting  the 
expression  of  various  genes  involved  in  DDR.  Third  we  examined 
the  control  of  Hh  signaling  in  keratinocytes  by  l,25(OH)2D  and 
VDR.  Activation  of  Hh  signaling  is  essentially  universal  in  BCC  for¬ 
mation  and  in  most  SCCs.  Lack  of  VDR  increases  Hh  signaling, 
and  1,25(0H)2D  suppresses  the  genes  involved.  Thus  3  mecha¬ 
nisms  regulated  by  vitamin  D  signaling  have  been  investigated, 
and  in  combination  are  expected  to  provide  protection  in  the  skin 
against  the  carcinogenic  actions  of  UVR,  enabling  the  beneficial 
actions  of  UVR  on  vitamin  D  production  to  proceed  with  reduced 
risk. 
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Abstract 

Non-melanoma  skin  cancers  (NMSC)  are  the  most  common  type  of  cancer,  occurring  at  a  rate  of 
over  1  million  per  year  in  the  United  States.  Although  their  metastatic  potential  is  generally  low, 
they  can  and  do  metastasize,  especially  in  the  immune  compromised  host,  and  their  surgical 
treatment  is  often  quite  disfiguring.  Ultraviolet  radiation  (UVR)  as  occurs  with  sunlight  exposure 
is  generally  regarded  as  causal  for  these  malignancies,  but  UVR  is  also  required  for  vitamin  D 
synthesis  in  the  skin.  Based  on  our  own  data  and  that  reported  in  the  literature,  we  hypothesize  that 
the  vitamin  D  produced  in  the  skin  serves  to  suppress  UVR  epidermal  tumor  formation.  In  this 
review  we  will  first  discuss  the  evidence  supporting  the  conclusion  that  the  vitamin  D  receptor 
(VDR),  with  or  without  its  ligand  1,25-dihydroxyvitamin  D,  limits  the  propensity  for  cancer 
formation  following  UVR.  We  will  then  explore  three  potential  mechanisms  for  this  protection: 
inhibition  of  proliferation  and  stimulation  of  differentiation,  immune  regulation,  and  stimulation  of 
DNA  damage  repair  (DDR). 


Introduction 

Over  1  million  skin  cancers  occur  annually  in  the  United  States,  80%  of  which  are  basal  cell 
carcinomas  (BCC),  16%  squamous  cell  carcinomas  (SCO),  and  4%  melanomas,  making  skin 
cancer  by  far  the  most  common  cancer  afflicting  humankind. '  Surgery  is  generally  curative, 
but  disfiguring  and  costly.  Ultraviolet  radiation  (UVR)  is  the  major  etiologic  agent  for  these 
cancers,  but  is  also  the  principal  means  by  which  the  body  obtains  vitamin  D.  Furthermore, 
the  skin  is  capable  of  converting  the  vitamin  D  produced  to  its  active  metabolite 
1,25(0H)2D,  and  this  conversion  is  potentiated  by  UVR  at  least  in  part  by  cytokines  such  as 
TNF-a  which  are  increased  by  UVR  in  the  epidermis.  This  ability  of  the  epidennis  to  make 
its  own  vitamin  D  and  l,25(OFt)2D  is  likely  to  be  of  great  importance  for  epidermal 
physiology  and  pathology.  It  is  not  at  all  clear,  for  example,  whether  the  oral  administration 
of  vitamin  D,  various  analogs,  and/or  circulating  levels  of  250F1D  and  l,25(OFl)2D  has  a 
major  impact  on  processes  within  the  skin — they  may  or  they  may  not.  Sun  avoidance  may 
reduce  one’s  risk  of  developing  skin  cancer,  but  this  practice  frequently  results  in 
suboptimal  levels  of  vitamin  D  in  the  body,  not  to  mention  the  epidennis.  As  pointed  out  in 
the  analysis  by  Lucas  et  al.^  the  global  disease  burden  due  to  UVR  pales  in  comparison  to 
the  disease  burden  due  to  vitamin  D  deficiency,  and  although  the  latter  can  be  prevented 
with  vitamin  D  supplementation,  the  skin  remains  for  most  of  the  world’s  population  the 
major  site  of  vitamin  D  availability.  Most  tissues  have  the  vitamin  D  receptor  (VDR),  and 
several  including  the  epidermis,  are  capable  of  producing  their  own  l,25(OFt)2D.  Vitamin  D 
deficiency  is  associated  with  a  number  of  diseases  including,  but  not  limited  to, 
osteomalacia  and  rickets.  Increased  cancer  risk  ranks  high  among  these  diseases,  including 
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cancer  of  epithelial  tissues  such  as  breast,  prostate,  and  colon.  Perhaps  because  UVR 
increases  the  risk  at  least  for  non-melanoma  skin  cancers  (NMSC),  the  potential  for  vitamin 
D  and  l,25(OH)2D  production  in  the  epidermis  to  serve  as  protection  against  UVR  induced 
epidermal  carcinogenesis  has  received  little  attention.  However,  a  low  UVR  dose  may  be 
protective  against  skin  cancer  via  the  vitamin  D  signaling  mechanisms  that  will  be  reviewed 
in  this  article,  and  some  epidemiologic  evidence  is  consistent  with  a  potential  benefit  of  low 
dose  UVR.  For  example,  in  the  study  by  Armstrong  and  Kricker,^  a  slight  decrease  in  the 
incidence  of  SCC,  BCC,  and  melanomas  in  10  US  populations  was  observed  when  the  solar 
UV  measurement  was  increased  from  100  to  1 10,  although  higher  levels  increased  the 
incidence.  This  same  group,"^  evaluating  data  from  the  Australian  population,  did  not  find  a 
significant  increase  in  SCC  with  time  spent  out  of  doors  in  the  general  population.  Rosso  et 
al.,^  in  a  multicentre  European  study,  did  not  find  a  significant  increase  in  SCC  below  a 
threshold  of  70  000  accumulated  hours  of  sunshine,  although  the  development  of  BCC  had  a 
lower  threshold.  Before  examining  the  animal  data  supporting  this  hypothesis,  it  is  useful  to 
review  vitamin  D  production  and  metabolism  in  the  skin  as  mediated  by  UVB. 

Vitamin  D  metaboiism  in  the  skin 

Vitamin  D3  is  produced  from  7-dehydrocholesterol  (7-DHC)  (Fig.  1).  Irradiation  of  7-DHC 
with  ultraviolet  B  (280-320  nm)  (UVR)  produces  pre-D3,  which  subsequently  undergoes  a 
temperature -dependent  rearrangement  of  the  triene  stmcture  to  form  D3,  lumisterol,  and 
tachysterol.  This  process  is  relatively  rapid  and  reaches  a  maximum  within  hours. Both 
the  degree  of  epidermal  pigmentation  and  the  intensity  of  exposure  correlate  with  the  time 
required  to  achieve  this  maximal  concentration  of  pre-D3  but  do  not  alter  the  maximal  level 
achieved.  Although  pre-D3  levels  reach  a  maximum,  the  biologically  inactive  luiuisterol  and 
tachysterol  accuiuulate  with  continued  UV  exposure.  Thus,  prolonged  exposure  to  sunlight 
would  not  produce  toxic  amounts  of  D3  because  of  the  photoconversion  of  pre-D3  to 
lumisterol  and  tachysterol.  Melanin  in  the  epidermis,  by  absorbing  UVR,  can  also  reduce  the 
effectiveness  of  sunlight  in  producing  D3  in  the  skin.  Sunlight  exposure  increases  melanin 
production,  and  so  provides  another  mechanism  by  which  excess  D3  production  can  be 
prevented.  The  intensity  of  UVR  is  dependent  on  latitude  and  season.  In  Ediuonton,  Canada 
(52°N),  very  little  D3  is  produced  in  exposed  skin  froiu  mid-October  to  mid- April,  while  in 
San  Juan  (18°N),  the  skin  is  able  to  produce  D3  all  year  long^.  Clothing  and  sunscreen 
effectively  prevent  D3  production  in  the  covered  areas.  D3  produced  in  the  skin  can  be 
secreted  froiu  the  skin  by  a  poorly  understood  process,  carried  to  the  liver  and  other  tissues 
for  further  metabolism  to  25-hydroxyvitamin  D  (250HD),  and  then  to  the  kidney  to  produce 
the  biologically  active  metabolite  l,25(OH)2D  by  the  enzyme  CYP27B1.  However,  the 
keratinocyte  contains  the  entire  pathway  for  l,25(OH)2D  production  from  vitamin  D. 

The  production  of  l,25(OH)2D  in  the  skin  is  under  different  regulation  compared  to  its 
production  by  the  kidney,  where  the  parathyroid  hormone  (PTH)  and  fibroblast  growth 
factor  23  (FGF23)  are  the  principal  hormonal  regulators  (PTH  stimulates,  FGF23  inhibits). 
Keratinocytes  respond  to  PTH  with  increased  l,25(OH)2D  production,  but  these  cells  do  not 
have  the  classic  PTH  receptor  and  do  not  respond  to  cyclic  AMP.'*^  The  mechanism  by 
which  PTH  stimulates  l,25(OH)2D  production  in  these  cells  remains  unclear.  The  effect  of 
FGF23  on  keratinocyte  CYP27B1  expression  or  function  has  not  been  reported. 

Furthermore,  unlike  the  kidney,  l,25(OH)2D  does  not  directly  affect  CYP27B1  expression 
in  keratinocytes.  Rather,  l,25(OH)2D  regulates  its  own  levels  in  the  keratinocyte  by 
inducing  CYP24,  the  catabolic  enzyme  for  l,25(OH)2D3.^'  Instead,  cytokines  such  as  tumor 
necrosis  factor-a  (TNF)^^  and  interferon-y(lFN)^^  are  potent  inducers  ofCYP27bl  activity 
in  the  keratinocyte.  These  cytokines  are  activated  in  the  skin  by  UVB. 
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Vitamin  D  and  skin  cancer 

1,25(0H)2D  has  been  evaluated  for  its  potential  antieaneer  aetivity  for  approximately  25 
years.  Most  cell  types,  including  many  cancer  cells  such  as  basal  cell  (BCC)  and 
squamous  cell  (SCC)  carcinomas as  well  as  melanomas, contain  the  vitamin  D 
receptor  (VDR).  Although  epidemiologic  evidence  supporting  the  importance  of  adequate 
vitamin  D  nutrition  (including  sunlight  exposure)  for  the  prevention  of  at  least  some  cancers, 
including  those  of  the  colon,  is  reasonably  strong,  such  evidence  is  much  weaker  for 
skin  cancers. One  potential  complication  is  that  UVB  radiation  (UVR)  has  the  dual 
effect  of  promoting  vitamin  D3  synthesis  in  the  skin  (which  can  be  further  converted  to 
1,25(0H)2D3)  and  increasing  DNA  damage  leading  to  skin  cancer.  Thus,  although  UVR 
may  be  the  most  efficient  means  of  providing  the  nutritional  requirement  for  vitamin  D,  the 
advantage  to  the  skin  may  be  countered  by  the  increased  risk  of  mutagenesis  if  the  UVR  is 
excessive. 

The  potential  for  vitamin  D  signaling  as  protection  against  epidermal  tumor  formation 
received  an  important  boost  when  Zinser  et  al.^^  demonstrated  that  85%  of  VDR  null  mice 
developed  skin  tumors  within  two  months  following  7,12-dimethyl-benzanthracene 
(DMBA)  administration.  No  tumors  were  found  in  the  wildtype  controls.  The  tumors  were 
mostly  sebaceous,  squamous,  and  follicular  papillomas;  however,  several  BCC  were  also 
observed.  No  SCC  were  reported.  These  results  have  been  confirmed  using  topical 
administration  of  DMBA/TPA,  although  only  papillomas  were  seen  in  the  VDR  null  mice 
unlike  RXRa  null  mice  which  developed  both  BCC  and  SCC.^^  More  relevant  to  the 
concept  of  photoprotection  is  the  study  by  Ellison  et  al.  demonstrating  that  VDR  null 
mice  were  also  more  susceptible  to  tumor  formation  following  UVB.  These  tumors  included 
SCC.  We  have  confirmed  these  results  with  our  own  studies. The  appearance  of  BCC  in  at 
least  some  of  these  studies  (including  our  own)  is  surprising  since  the  typical  malignancy 
induced  in  mouse  skin  by  UVR,  ionizing  radiation,  or  chemical  carcinogens  is  SCC  not 
BCC.^*^  The  appearance  of  BCC  is  characteristic  of  tumors  formed  when  hedgehog  (Hh) 
signaling  is  disrupted,^  ^  although  activation  of  Hh  signaling  {PtchT^^  mice)  also  predisposes 
to  UVR  induced  SCC  formation. The  question  then  becomes,  through  what  mechanism  (s) 
does  vitamin  D  signaling  protect  against  UVB  induced  tumor  formation?  We  will  examine 
three  potential  mechanisms  and  pathways  within  those  mechanisms:  regulation  of 
proliferation  and  differentiation  with  particular  attention  to  the  hedgehog  (Hh)  and  wnt/p- 
catenin  pathways,  immunoregulation,  and  DNA  damage  repair. 

Vitamin  D  reguiation  of  epidermai  proiiferation  and  differentiation 

The  epidermis  is  composed  of  four  layers  of  keratinocytes  at  different  stages  of 
differentiation  (reviewed  in  ref  33).  The  basal  layer  (stratum  basale,  SB)  rests  on  the  basal 
lamina  separating  the  dermis  and  epidermis.  Within  this  layer  are  the  stem  cells.  These  cells 
proliferate,  providing  the  cells  for  the  upper  differentiating  layers.  They  contain  an  extensive 
keratin  network  comprised  of  keratins  K5  and  K14.  As  the  cells  migrate  upward  from  this 
basal  layer  they  acquire  the  characteristics  of  a  fully  differentiated  corneocyte,  which  is 
eventually  sloughed  off  The  layer  above  the  basal  cells  is  the  spinous  layer  (stratum 
spinosum,  SS).  These  cells  initiate  the  production  of  the  keratins  K1  and  KIO,  which  are  the 
keratins  characteristic  of  the  more  differentiated  layers  of  the  epidermis.  Cornified  envelope 
precursors  such  as  involucrin  also  appear  in  the  spinous  layer  as  does  the  enzyme 
transglutaminase  K,  responsible  for  the  e-(y-glutamyl)lysine  cross-linking  of  these  substrates 
into  the  insoluble  Cornified  envelope.  The  granular  layer,  stratum  granulosum  (SG),  lying 
above  the  spinous  layer,  is  characterized  by  electron-dense  keratohyalin  granules  containing 
profilaggrin  and  loricrin,  which  is  a  major  component  of  the  Cornified  envelope.  The 
granular  layer  also  contains  lamellar  bodies — lipid-filled  structures  that  fuse  with  the  plasma 
membrane,  divesting  their  contents  into  the  extracellular  space  between  the  SG  and  stratum 
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comeum  (SC)  where  the  lipid  contributes  to  the  permeability  barrier  of  skin.  As  the  cells 
pass  from  the  granular  layer  to  the  Cornified  layer  (SC),  they  undergo  destruction  of  their 
organelles  with  further  maturation  of  the  Cornified  envelope  into  an  insoluble,  highly 
resistant  structure  surrounding  the  keratin-fdaggrin  complex  and  linked  to  the  extracellular 
lipid  milieu.  The  outer  layer  of  the  epidermis  provides  not  only  a  barrier  to  water  loss 
(permeability  barrier)  but  a  barrier  to  invasion  by  infectious  organisms. 

As  noted  above,  the  keratinocytes  of  the  epidermis  are  unique  in  their  ability  to  produce 
vitamin  D3  from  the  precursor  7-dehydrocholesterol  (7-DHC)  and  to  convert  the  vitamin  D 
produced  to  the  active  metabolite  l,25(OH)2D.  l,25(OH)2D  increases  involucrin, 
transglutaminase  activity,  loricrin,  fdaggrin,  and  Cornified  envelope  formation  at 
subnanomolar  concentrations,^"^"^^  while  inhibiting  proliferation  at  concentrations  above  1 
nM.  Much  of  these  actions  are  in  conjunction  with  or  via  changes  in  calcium  responsiveness 
due  to  the  ability  of  l,25(OH)2D  to  induce  the  calcium  receptor^*’’"^^  and  the  phospholipase 
C  enzymes^^^"^  that  regulate  the  intracellular  calcium  levels  critical  for  the  differentiation 
process.  The  antiproliferative  effects  are  accompanied  by  a  reduction  in  the  expression  of  c- 
myc"^^  and  cyclin  and  an  increase  in  the  cell  cycle  inhibitors  p21‘^'P  and  p27^'P.  In 
addition,  l,25(OH)2D  and  its  receptor  regulate  the  processing  of  the  long  chain 
glycosylceramides  that  are  critical  for  permeability  barrier  formation^^  and  induce  the 
receptors — toll-like  receptor  2  (TLR2)  and  its  coreceptor  CD  14 — that  initiate  the  innate 
immune  response  in  skin.^^  Activation  of  these  receptors  leads  to  the  induction  of  CYP27B1 
(the  enzyme  that  produces  l,25(OH)2D),  which  in  turn  induces  cathelicidin,  resulting  in  the 
killing  of  invasive  organisms. Although  the  most  striking  feature  of  the  VDR-null 
mouse  is  the  development  of  alopecia^**’^^  (also  found  in  many  patients  with  mutations  in 
the  VDR),  referred  to  as  hereditary  vitamin  D  resistance, these  mice  also  exhibit  a  defect 
in  epidermal  differentiation  as  shown  by  reduced  levels  of  involucrin  and  loricrin  and  loss  of 
keratohyalin  granules.  Furthermore,  these  mice  show  a  reduction  in  the  lipid  content  of 
the  lamellar  bodies  concomitant  with  a  reduction  in  glucosylceramide  production  and 
transport  into  the  lamellar  bodies  leading  to  a  defective  permeability  barrier."^^  The 
CYP27B 1  null  mouse  also  shows  a  reduction  in  levels  of  the  epidermal  differentiation 
markers  and  altered  permeability  barrier^^  with  a  blunted  innate  immune  response"^^  and 
poor  resistance  to  infections,^^  but  these  mice  do  not  have  a  defect  in  hair  follicle  cycling. 

Two  pathways  that  appear  to  be  important  for  vitamin  D  signaling  in  the  epidermis,  with 
respect  to  the  proliferation  and  differentiation  that  we  believe  underlie  the  predisposition  of 
the  VDR  null  mouse  to  tumor  formation,  are  the  Hh  and  wnt/  P-catenin  pathways. 

The  hedgehog  (Hh)  pathway  (Fig.  2) — Ptch  1  is  the  membrane  receptor  for  Shh.  In  the 
absence  of  Shh,  Ptch  I  inhibits  the  function  of  another  membrane  protein  smoothened 
(Smo).  Shh  reverses  this  inhibition,  freeing  Smo  to  enable  the  activation  of  a  family  of 
transcription  factors  Glil,  Gli2,  and  Gli3.  Suppressor  of  fused  (Sufu)  may  maintain  these 
transcription  factors  in  the  cytoplasm  and/or  limit  their  activity  in  the  nucleus  such  that  the 
loss  of  Sufu  leads  to  increased  Hh  signaling. Glil  and  2  overexpression  in  keratinocytes 
can  increase  the  expression  of  one  another  as  well  as  Ptch  1,  the  anti-apoptotic  factor  bcl2, 
cyclins  D1  and  D2,  E2F1,  and  cdc45  (all  of  which  promote  proliferation),  while  suppressing 
genes  associated  with  keratinocyte  differentiation  such  as  Kl,  KIO,  involucrin,  loricrin  and 
the  VDR.59-63 

The  appearance  of  BCC  is  characteristic  of  tumors  formed  when  Hh  signaling  is  disrupted, 
although  activation  of  Hh  signaling  {Ptch~^^  mice)  also  predisposes  to  UVR  induced  SCC 
formation.^^  We  have  found  that  the  epidermis  and  epidermal  portion  (utricles)  of  the  hair 
follicles  of  adult  VDR  null  animals  overexpress  elements  of  the  Hh  signaling  pathway. 

These  results  suggest  that  one  of  the  causes  of  the  increased  susceptibility  of  the  epidermis 
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to  malignant  transformation  is  due  to  a  loss  of  VDR  regulation  of  Hh  signaling  in  the 
epidermis.  Furthermore,  we^^  found  that  l,25(OH)2D  suppressed  all  elements  of  the  Hh 
pathway  in  a  dose  dependent  fashion  that  required  the  VDR.  These  results  have  been 
confirmed  at  least  for  Glil  by  others^^  in  a  study  demonstrating  that  l,25(OH)2D  could 
reduce  tumor  growth  in  Ptch  null  mice.  Furthermore,  the  promoters  of  Shh  and  Gli  1  have 
been  found  to  bind  to  VDR,^^  suggesting  a  direct  genomic  action  on  these  genes.  However, 
vitamin  D  may  regulate  this  pathway  not  only  via  the  genomic  actions  of  l,25(OH)2D  acting 
through  its  receptor,  VDR,  but  also  by  direct  inhibition  by  vitamin  D  independent  of  its 
receptor.  The  latter  possibility  stems  from  observations  that  vitamin  D  itself,  as  well  as  its 
precursor  7-dehydrocholesterol,  can  bind  to  and  inhibit  the  actions  of  smoothened  (Smo),  a 
critical  step  in  Hh  signaling. l,25(OH)2D  was  less  effective^^  suggesting  a  direct  effect 
of  vitamin  D  itself,  but  the  relative  role  of  this  non-genomic  to  the  genomic  actions  of 
vitamin  D  is  not  clear. 

The  wnt/p-catenin  pathway  (Fig.  3) — Wnt  signaling  via  activation  of  P-catenin  has  a 
complex  role  in  VDR  function.  Wnt  ligands  bind  to  their  seven-transmembrane  frizzled 
receptors  and  an  LRP5  or  LRP6  co-receptor  leading  to  phosphorylation  of  disheveled  (Dvl) 
resulting  in  disruption  of  the  axin/APC  complex  and  inhibition  of  the  kinase  activity  of 
glycogen  synthase  kinase  3p  (GSK-3P).  Phosphorylation  by  GSK-3P  of  the  serine(s)  within 
exon  3  of  P-catenin  results  in  its  degradation  by  the  E3  ubiquitin  ligase.  Thus,  wnt  signaling 
increases  the  availability  of  P-catenin  in  the  nucleus,  where  it  binds  to  transcription  factors 
of  the  T-cell  factor  (TCF)  and  lymphoid  enhancer  factor  (LEF)  families  to  promote  the 
expression  of  genes  such  as  cyclin  D1  and  c-myc^^  important  for  proliferation.  P-Catenin 
also  forms  part  of  the  adherens  junction  complex  with  E-cadherin  where  it  may  play  an 
important  role  in  keratinocyte  differentiation.^®  Tyrosine  phosphorylation  of  E-cadherin,  as 
occurs  after  calcium  administration  to  keratinocytes,  promotes  the  binding  of  P-catenin  and 
other  catenins  to  the  adherens  junction  complex^®’^^  making  it  less  available  for 
transcriptional  activity.  Over  expression  and/or  activating  mutations  in  the  P-catenin 
pathway  lead  to  skin  tumors,  in  this  case  pilomatricomas  or  trichofolliculomas  (hair  follicle 
tumors), indicative  of  the  hyperproliferative  response  to  P-catenin  in  these  cells.  In 
colon  cancer  cells,  VDR  has  been  shown  to  bind  to  P-catenin,  and  reduce  its  transcriptional 
activity  in  a  ligand  dependent  fashion.^^  Furthermore,  in  these  cells,  l,25(OH)2D  has  been 
shown  to  increase  E-cadherin  expression,  such  that  P-catenin  is  redistributed  from  the 
nucleus  to  the  plasma  membrane  where  it  forms  a  complex  with  E-cadherin  and  other 
catenins  at  adherens  junctions.^®  We^®  have  obseved  similar  phenomena  in  keratinocytes. 
However,  the  suppression  of  P-catenin  signaling  by  l,25(OH)2D  does  not  necessarily 
require  E-cadherin. Rather,  P-catenin  binds  to  VDR  in  its  AF-2  domain,  binding  that 
enhances  the  ability  of  l,25(OH)2D  to  activate  the  transcriptional  activity  of  the  VDR,^^  but 
blocks  the  transcriptional  activity  of  P-catenin.  Mutations  in  the  AF-2  domain  that  block 
coactivator  binding  do  not  necessarily  block  P-catenin  binding.  Palmer  et  alJ^  evaluated 
the  interaction  between  VDR  and  P-catenin  in  transcriptional  regulation  in  keratinocytes, 
and  identified  putative  response  elements  for  VDR  and  P-catenin/LEF  in  a  number  of  genes. 
These  interactions  were  either  positive  or  negative,  depending  on  the  gene  being  evaluated. 
The  hypothesis  put  forward  is  that  genes  in  which  the  interaction  was  positive  (i.e. 
stimulated  transcription)  benefited  from  P-catenin  acting  as  a  coactivator  for  VDR  on 
VDREs,  whereas  in  situations  where  the  interaction  was  negative  (i.e.  suppression  of 
transcription),  VDR  prevented  P-catenin  from  binding  to  TCF/LEF  required  for  transcription 
in  those  genes.  We  have  found  in  keratinocytes  that  knockdown  of  VDR  reduces  E-cadherin 
expression  and  formation  of  the  P-catenin/E-cadherin  membrane  complex,  resulting  in 
increased  P-catenin  transcriptional  activity,  whereas  l,25(OH)2D  administration  has  the 
opposite  effect."^®  This  was  associated  with  increased  (with  VDR  knockdown)  or  decreased 
(with  1,25(0H)2D  administration)  keratinocyte  proliferation  and  cyclin  D1  expression. 


Photochem  Photobiol  Sci.  Author  manuscript. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Bikle 


Page  6 


respectively.  These  actions  in  the  epidermis  (and  intestinal  epithelium)  appear  to  differ  from 
those  in  the  hair  follicle  in  that  Cianferotti  et  alJ‘^  found  a  reduction  in  the  proliferation  of 
keratinocytes  in  the  dermal  portion  of  the  hair  follicle  (below  the  bulge)  in  VDR  null  mice, 
and  no  stimulation  of  proliferation  when  P-catenin  was  overexpressed  in  these  cells,  in 
contrast  to  the  stimulation  of  proliferation  in  control  animals.  Thus,  VDR/p-catenin 
interactions  can  be  positive  or  negative,  depending  on  the  gene/cell/function  being 
evaluated;  however,  in  the  epidermis  in  the  absence  of  VDR,  the  unchecked  activity  of 
wnt/p-catenin  appears  to  be  proliferative  and  inhibitory  of  differentiation. 

Vitamin  D  reguiation  of  epidermai  immunity 

The  potential  role  for  vitamin  D  and  its  active  metabolite  l,25(OH)2D  to  modulate  the 
immune  response  rests  on  the  observation  that  VDR  is  found  in  activated  dendritic  cells, 
macrophages,  and  lymphocytes, that  these  cells  produce  l,25(OH)2D  (i.e.  express 
CYP27B1),^*^  and  that  l,25(OH)2D  regulates  their  proliferation  and  function. Two  forms 
of  immunity  exist,  adaptive  and  innate,  and  each  are  regulated  by  l,25(OH)2D. 

Adaptive  immunity — The  adaptive  immune  response  involves  the  ability  of  T  and  B 
lymphocytes  to  produce  cytokines  and  immunoglobulins,  respectively,  to  specifically 
combat  the  source  of  the  antigen  presented  to  them  by  cells  such  as  macrophages  and 
dendritic  cells.  Vitamin  D  exerts  an  inhibitory  action  on  the  adaptive  immune  system.  In 
particular,  l,25(OH)2D  suppresses  proliferation  and  immunoglobulin  production  and  retards 
the  differentiation  of  B-cell  precursors  into  plasma  cells. In  addition,  l,25(OH)2D  inhibits 
T-cell  proliferation,^^  in  particular  the  Thl  cells  capable  of  producing  IFN-y  and  IL-2  and 
activating  macrophages^^  and  Thl7  cells  capable  of  producing  IL-17  and  IL-22.^^’^^  In 
contrast  IL-4,  IL-5,  and  IL-10  production  increase, shifting  the  balance  to  a  Th2  cell 
phenotype.  CD4+/  CD25+  regulatory  T-cells  (Treg)  are  also  increased  by  1,25  (OFI)2D*^ 
leading  to  increased  IL-10  production.  The  IL-10  so  produced  is  one  means  by  which  Treg 
can  block  Thl  and  Thl 7  development.  At  least  in  part,  these  actions  on  T-cell  proliferation 
and  differentiation  stem  from  actions  of  l,25(OFI)2D  on  dendritic  cells  to  reduce  their 
maturation  and  antigen  presenting  capability. The  ability  of  l,25(OFI)2D  to  suppress  the 
adaptive  immune  system  is  beneficial  for  conditions  in  which  the  immune  system  is  directed 
at  self — i.e.  autoimmunity^®  and  following  transplants®^ — ^but  might  not  be  good  for  tumor 
surveillance. 

Innate  immunity — The  innate  immune  response  is  the  critical  first  line  of  defense  against 
invading  pathogens.  The  response  involves  the  activation  of  toll-like  receptors  (TLRs)  in 
polymorphonuclear  cells  (PMNs),  monocytes,  and  macrophages  as  well  as  in  a  number  of 
epithelial  cells  including  those  of  the  epidermis,  gingiva,  intestine,  vagina,  bladder,  and 
lungs. TLRs  are  transmembrane  pathogen-recognition  receptors  that  interact  with  specific 
membrane  patterns  (PAMP)  shed  by  infectious  agents  that  trigger  the  innate  immune 
response  in  the  host.®^  Activation  of  TLRs  leads  to  the  induction  of  antimicrobial  peptides 
and  reactive  oxygen  species,  which  kill  the  organism.  Among  these  antimicrobial  peptides  is 
cathelicidin.  The  expression  of  this  anti-microbial  peptide  is  induced  by  l,25(OFI)2D  in  both 
myeloid  and  epithelial  cells,®^’®^  cells  that  also  express  CYP27B 1  and  so  are  capable  of 
producing  the  l,25(OFI)2D  needed  for  this  induction.  Stimulation  of  TLR2  by  an 
antimicrobial  peptide  in  macrophages®®  or  stimulation  of  TLR2  in  keratinocytes  by 
wounding  the  epidermis^*  results  in  increased  CYP27B1  expression,  which  in  the  presence 
of  adequate  substrate  (250FID)  stimulates  cathelicidin  expression.  Lack  of  substrate 
(250FID),  VDR,  or  CYP27B1  blunts  the  ability  of  these  cells  to  respond  to  a  challenge  with 
respect  to  cathelicidin  production."*^’®®’®® 
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The  major  cells  involved  in  adaptive  immunity  in  the  skin  include  the  Langerhans  cells, 
dendritic  cells,  and  T-cells.  The  Langerhans  cells  are  dendritic-like  cells  within  the 
epidermis  that  when  activated  by  invading  organisms,  migrate  to  the  lymph  nodes  serving 
the  skin  where  they  present  the  antigens  to  the  T-cells,  initiating  the  adaptive  immune 
response. Keratinocytes,  on  the  other  hand,  are  equipped  with  toll-like  receptors  that 
enable  them  to  respond  to  invading  organisms  with  elaboration  of  antimicrobial  peptides 
such  as  cathelicidin^^  but  also  a  variety  of  cytokines  that  provoke  an  inflammatory 
response. UVB  leads  to  a  reduction  in  Langerhans  cells  and  blunts  their  antigen  presenting 
activity,^^"^®^  but  stimulates  the  innate  immune  function  of  keratinocytes  perhaps  as  a 
consequence  of  UVB  induced  vitamin  D/l,25(OH)2D  production  in  the  skin.^®^”'*^^ 

The  potential  role  of  altered  skin  immunity  by  UVB  with  respect  to  skin  carcinogenesis  was 
suggested  by  Kripke  and  Fisher^*^^  who  found  that  skin  tumors  originally  induced  in  mice  by 
chronic  UVR  grew  when  transplanted  into  other  UV-irradiated  mice;  however,  it  was  found 
that  the  tumors  did  not  grow  further  when  transplanted  into  non-irradiated  mice.  What  is  less 
clear  is  whether  l,25(OH)2D  would  enhance  or  protect  against  UVR  immunosuppression. 
One  study  demonstrated  that  topical  l,25(OH)2D  at  a  high  concentration  (1.65  pM) 
protected  against  UVR  induced  suppression  of  contact  hypersensitivity  to  oxazolone  in 
mouse  skin;^**^  however,  a  study  in  humans  from  the  same  group  showed  suppression  of 
delayed  hypersensitivity  (Mantoux  test)  by  topical  l,25(OH)2D  at  high  doses  with  a  trend 
toward  additive  suppression  even  at  lower  doses  when  combined  with  UVR.'*^^  These  data 
are  limited,  but  raise  some  concerns  about  the  balance  between  innate  and  adaptive 
immunity  in  tumor  surveillance,  and  how  that  balance  is  affected  by  vitamin  D. 

Vitamin  D  regulation  of  the  DNA  damage  response 

UV  wavelengths  shorter  than  280  nm  (UVC)  are  absorbed  by  the  ozone  layer  and  do  not 
reach  the  earth.  UV  wavelengths  longer  than  320  nm  (UVA)  are  capable  of  penetrating  into 
the  dermis,  and  damage  DNA  (e.g.  8-oxoguanine  production)  primarily  by  oxidative 
processes.  UVA  does  not  stimulate  vitamin  D  production.  UVB,  with  a  spectrum  range  of 
280-320  nm,  exerts  its  effects  primarily  in  the  epidermis,  where  it  causes  DNA  cyclobutane 
pyrimidine  dimers  (CPD)  and  pyrimidine  (6-4)pyrimidone  photoproducts  (6-4PP),  which  if 
not  repaired  result  in  C  to  T  or  CC  to  TT  mutations,  the  UVB  “signature”  lesion. This 
type  of  mutation  in  p53  is  common  (50-90%)  in  both  BCC  and  ^  *  as  well  as  in 

actinic  keratoses,  the  precursor  lesions  to  SCC.^*^  Preventing  UVR  induced  DNA  damage 
from  producing  DNA  mutations  is  the  role  of  DNA  damage  repair  (DDR),  and  p53  appears 
to  have  an  important  role  in  this  process. '  DDR  involves  a  cascade  of  damage  recognition, 
and  repair  and  signal  transduction  that  coordinates  the  response  of  the  cell  cycle  to  DNA 
damage.  DDR  activates  checkpoints  that  delay  the  cell  cycle,  provides  time  for  repair,  and 
directs  damaged  cells  into  senescent  or  apoptotic  pathways.  DDR  involves  a  number  of 
components,  is  well  orchestrated,  tightly  controlled,  and  highly  accurate  in  normal  primary 
cells  such  that  the  spontaneous  mutation  rate  is  very  low,  and  changes  in  copy  number  are 
negligible.  During  malignant  transformation,  DDR  becomes  less  controlled,  and 

mutation  rates  and  copy  number  abnormalities  increase  by  several  orders  of 
magnitude. Nucleotide  excision  repair  (NER)  is  the  principal  means  by  which 
UVR  damage  is  repaired.  NER  can  remove  DNA  damage  before  DNA  replication  begins, 
and  consequently  plays  a  major  role  in  reducing  the  amount  of  damage  that  becomes  fixed 
as  mutations  during  replication. The  DNA  damage  is  recognized,  the  DNA  is 
unwound  around  the  lesion,  and  30  base  pair  portions  of  DNA  containing  the  lesion  are 
excised  by  endonucleases  such  as  XPF  and  XPG  followed  by  fill-in  with  DNA  polymerases 
such  as  Pol5,  Pole,  and  PoIk. 

The  NER  process  has  two  main  branches  distinguished  by  the  mechanisms  used  for  initial 
recognition  of  DNA  damage: transcription  coupled  repair  (TCR)  during  which  DNA 
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polymerases  stop  replieation  at  the  site  of  the  lesion  until  it  is  repaired, and  global 
genomic  repair  (GGR),  during  which  non-transcribed  regions  of  the  genome  are  repaired. 
Keratinocytes  in  the  epidermis  of  mice  lacking  VDR  are  deficient  in  DDR  as  demonstrated 
by  a  reduced  rate  of  clearing  CPDs  and  6-4PPs  following  Moreover,  l,25(OH)2D 

increases  CPD  clearance  and  p53  in  VDR  intact  mice'^®’'^^  as  well  as  upregulation  of  two 
genes  important  for  DDR:  XPC  (xeroderma  pigmentosum  complementation  group  C)  and 
DDB2  (damage-specific  DNA  binding  protein  2,  also  known  as  These  actions 

of  vitamin  D  signaling  on  DDR  contribute  to  the  reduced  susceptibility  of  normal  skin  to 
UVB  induced  tumor  formation. 


Summary 

UVB  is  critical  for  vitamin  D  production  in  the  skin,  but  UVB  is  also  the  major  cause  of  skin 
cancer.  This  article  examines  the  question  of  whether  the  beneficial  effects  of  vitamin  D 
production  can  counter  the  harmful  effects  of  carcinogenesis,  and  the  predisposition  of  VDR 
null  mice  to  UVB  induced  skin  cancer  suggests  that  it  is  a  possibility.  Three  potential 
mechanisms  for  such  protection  were  examined.  The  first  mechanism  focuses  on  the  role  of 
vitamin  D  signaling  in  keratinocyte  proliferation  and  differentiation.  In  particular,  two 
pathways  affecting  proliferation  and  differentiation,  namely  the  hedgehog  and  wnt/p-catenin 
pathways,  were  evaluated.  Mice  lacking  the  VDR  have  increased  expression  of  the 
hedgehog  pathway  and  increased  activation  of  the  wnt/p-catenin  pathway.  l,25(OH)2D 
suppresses  both  pathways  in  cells  containing  the  VDR.  Thus,  in  the  absence  of  vitamin  D 
signaling,  overexpression  of  the  hedgehog  and  wnt/p-catenin  pathways  leads  to  increased 
proliferation  and  decreased  differentiation  associated  with  tumor  development.  The  second 
mechanism  involves  the  role  of  vitamin  D  signaling  in  the  immune  system  of  the  skin. 
1,25(0H)2D/VDR  promotes  innate  immunity  but  suppresses  adaptive  immunity.  UVB 
likewise  promotes  innate  immunity  and  suppresses  adaptive  immunity,  perhaps  in  part  by 
stimulating  vitamin  D/l,25-(OH)2D  production.  The  net  effect  on  tumor  formation  with 
respect  to  protection  by  vitamin  D  signaling  is  unclear.  The  third  mechanism  is  DNA 
damage  repair  (DDR).  The  epidermis  of  VDR  null  mice  show  impaired  DDR  following 
UVR.  1,25-(0H)2D  accelerates  DDR.  Thus,  by  these  mechanisms  one  can  conclude  that  the 
skin  has  evolved  protective  mechanisms  against  UVR  induced  carcinogenesis,  and  that  these 
mechanisms  involve  vitamin  D. 
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Fig.  1. 

Production  of  vitamin  D  and  its  metabolism  to  l,25(OH)2D  in  the  keratinocyte.  UVB,  via  a 
photochemical  reaction,  breaks  open  the  B  ring  of  7-dehydrocholesterol  (7-DHC)  to  produce 
pre  vitamin  D3,  which  is  subsequently  converted  first  to  250HD  by  the  enzymes  CYP27A1 
and  CYP2R1  and  then  to  l,25(OH)2D  by  CYP27B1.  Regulation  of  CYP27B1  is  primarily 
by  cytokines  such  as  tumor  necrosis  factor-a  (TNF-a)  and  interferon-Y(IFN-y). 
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Fig.  2. 

The  hedgehog  signaling  pathway.  In  the  absenee  of  Shh,  Ptch  1  suppresses  signaling  by 
smoothened  (Smo).  Binding  of  Shh  to  Ptch  1  relieves  this  inhibition.  Activation  of  Smo 
leads  to  the  activation  and  translocation  of  transcription  factors  of  the  Gli  family  into  the 
nucleus,  with  subsequent  changes  in  gene  expression. 


Photochem  Photobiol  Sci.  Author  manuscript. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Bikle 


Page  18 


The  wnt  signaling  pathway.  Wnts  bind  to  their  frizzled  receptors  (FZ)  and  coreceptors  LRP 
in  the  membrane.  This  binding  can  be  blocked  by  dickkopf  (Dkk)  or  soluble  frizzled  related 
proteins  (sFRP).  Activation  of  FZ  by  wnt  results  in  phosphorylation  of  disheveled  (Dvl) 
which  induces  the  disruption  of  the  axin/APC/GSK-3P  complex  and  recmitment  of  axin  to 
the  membrane.  When  active,  this  complex  phosphorylates  P-catenin,  leading  to  its 
proteosomal  degradation.  Flowever,  following  wnt  stimulation,  P-catenin  is  no  longer 
degraded  and  can  enter  the  nucleus,  where  in  combination  with  members  of  the  LEF/TCF 
family,  it  can  induce  expression  of  its  target  genes  such  as  cyclin  Dl.  P-Catenin  also  binds  to 
the  E-cadherin  complex  in  the  plasma  membrane,  a  complex  stabilized  by  calcium,  where  it 
may  play  a  role  in  differentiation. 
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Abstract:  Cutaneous  malignancies  including  melanomas  and  non  melanoma  skin  cancers 

(NMSC)  are  the  most  common  types  of  cancer,  occurring  at  a  rate  of  over  1  million 
per  year  in  the  United  States.  The  major  cell  in  the  epidermis,  the  keratinocyte,  not 
only  produces  vitamin  D  but  contains  the  enzymatic  machinery  to  metabolize  vitamin 
D  to  its  active  metabolite,  1 ,25(OH)2D,  and  expresses  the  receptor  for  this  metabolite, 
the  vitamin  D  receptor  (VDR),  allowing  the  cell  to  respond  to  the  l,25(OH)2D 
that  it  produces.  In  vitro,  l,25(OH)2D  stimulates  the  differentiation  and  inhibits 
the  proliferation  of  these  cells  and  so  would  be  expected  to  be  tumor  suppressive. 
However,  epidemiologic  evidence  demonstrating  a  negative  relationship  between 
circulating  levels  of  the  substrate  for  CYP27B 1 , 250HD,  and  the  incidence  of  these 
malignancies  is  mixed,  raising  the  question  whether  vitamin  D  is  protective  in  the 
in  vivo  setting.  UV  radiation  (UV),  both  UVB  and  UVA,  as  occurs  with  sunlight 
exposure  is  generally  regarded  as  causal  for  these  malignancies,  but  UVB  is  also 
required  for  vitamin  D  synthesis  in  the  skin.  This  complicates  conclusions  reached 
from  epidemiologic  studies  in  that  UVB  is  associated  with  higher  250HD  levels  as 
well  as  increased  incidence  of  cutaneous  malignancies.  Based  on  our  own  data  and 
that  reported  in  the  literature  we  hypothesize  that  vitamin  D  signaling  in  the  skin 
suppresses  UVR  induced  epideraial  tumor  fomation.  In  this  chapter  we  will  first 
discuss  recent  data  regarding  potential  mechanisms  by  which  vitamin  D  signaling 
suppresses  tumor  formation,  then  focus  on  three  general  mechanisms  that  mediate 
tumor  suppression  by  VDR  in  the  skin:  inhibition  of  proliferation  and  stimulation  of 
differentiation,  immune  regulation,  and  stimulation  of  DNA  damage  repair  (DDR). 
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INTRODUCTION 

Over  1  million  skin  cancers  occur  annually  in  the  United  States,  80%  of  which  are 
basal  cell  carcinomas  (BCC),  1 6%  squamous  cell  carcinomas  (SCC),  and  4%  melanomas, 
making  skin  cancer  by  far  the  most  common  cancer  afflicting  humankind.  ’  UV  radiation 
(UVR)  from  the  sun  is  the  major  etiologic  agent  for  these  cancers.  The  highest  energy 
UVR,  UVC  (below  280  nm),  does  not  penetrate  the  atmosphere.  Of  the  solar  radiation 
that  does  reach  the  earth  95%  is  UVA  and  5%  UVB.  UVB  (280-320  nm),  although 
it  does  not  penetrate  past  the  epidermis,  is  absorbed  by  DNA  in  the  epidermal  cells 
creating  characteristic  mutations  identified  as  cyclobutane  pyrimidine  dimers  (CPDs) 
and  pyrimidine(6-4)pyrimidone  photoproducts  (6-4PP),  which  if  not  repaired  result  in 
C  to  T  or  CC  to  TT  mutations,  the  UVB  “signature”  lesion^  ^  UV  wavelengths  between 
320-400  nm  (UVA)  are  capable  ofpenetrating  into  the  dermis,  and  do  their  DNA  damage 
(e.g. ,  8  hydroxy  2  ’  deoxyguanosine  production)  primarily  by  oxidative  processes,  although 
at  high  enough  dose  levels  UVA  can  produce  CPDs.''  On  the  other  hand  UVB  is  required 
to  convert  7 -dehydrocholesterol  levels  in  the  skin  to  pre  vitamin  D3,  which  then  isomerizes 
to  vitamin  D3.  Moreover,  the  skin  is  capable  of  converting  the  vitamin  D  produced  to 
its  active  metabolite  l,25(OH)2D,^  and  this  conversion  is  potentiated  by  UVR  at  least  in 
part  by  cytokines  such  as  TNF-a^  which  are  increased  by  UVR  in  the  epidermis.’  Both 
melanocytes*  and  keratinocytes^  express  the  vitamin  D  receptor  (VDR)  and  respond  to 
1,25(0H)2D  with  reduced  proliferation  and  increased  differentiation.'”  "  Sun  avoidance 
may  reduce  one’s  risk  of  developing  skin  cancer,  but  this  practice  generally  results  in 
suboptimal  levels  of  vitamin  D  in  the  body.  In  an  analysis  by  Lucas  et  al.,'’  the  global 
disease  burden  due  to  UVR  is  substantially  less  than  the  disease  burden  due  to  vitamin  D 
deficiency.  Vitamin  D  supplementation  can  compensate,  but  the  skin  remains  the  major 
site  of  vitamin  D  availability  for  most  of  the  world’s  population.  Moreover,  low  dose 
UVR  may  be  protective  against  skin  cancer  via  the  vitamin  D  signaling  mechanisms  that 
will  be  reviewed  in  this  article,  and  some  epidemiologic  evidence  is  consistent  with  a 
potential  benefit  of  low  dose  UVR.  For  example,  in  the  study  by  Armstrong  and  Kricker," 
a  slight  decrease  in  the  incidence  of  SCC,  BCC,  and  melanomas  in  10  US  populations  was 
observed  when  the  solar  UV  measurement  was  increased  from  1 00  to  1 1 0,  although  higher 
levels  increased  the  incidence.  This  same  group,''*  evaluating  data  from  the  Australian 
population,  did  not  find  a  significant  increase  in  SCC  with  time  spent  out  of  doors  in  the 
general  population.  Rosso  et  al.  '*  in  a  multicenter  European  study  did  not  find  a  significant 
increase  in  SCC  below  a  threshold  of  70,000  accumulated  hours  of  sunshine,  although 
the  development  of  BCC  had  a  lower  threshold.  In  this  chapter,  after  a  review  of  vitamin 
D  metabolism  and  VDR  function,  we  will  examine  potential  mechanisms  that  have  been 
proposed  for  vitamin  D  induced  antitumor  mechanisms  in  general,  then  focus  on  those 
mechanisms  that  have  been  shown  to  be  operative  in  the  epidermis. 


VITAMIN  D  METABOLISM 

Vitamin  D3  is  produced  from  7-dehydrocholesterol  (7-DFtC).  Irradiation  of 
7-DFIC  with  UVB  produces  pre  vitamin  D3,  which  subsequently  undergoes  a 
temperature-dependent  rearrangement  of  the  triene  structure  to  form  vitamin  D3, 
lumisterol,  and  tachysterol.  T 
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of  exposure  influence  the  time  required  to  achieve  this  maximal  concentration  of 
pre  vitamin  D3.  With  continued  UV  exposure  the  biologically  inactive  lumisterol 
and  tachysterol  accumulate  eliminating  the  risk  of  excessive  production  of  vitamin 
D.  Sunlight  exposure  increases  melanin  production,  which  can  absorb  UVB,  and  so 
provides  another  mechanism  by  which  excess  vitamin  D3  production  can  be  prevented. 
The  intensity  ofUVR  is  dependent  on  latitude  and  season.  In  Edmonton,  Canada  (52°N) 
very  little  vitamin  D3  is  produced  in  exposed  skin  from  mid-October  to  mid- April,  while 
in  San  Juan  (1 8°N)  the  skin  is  able  to  produce  vitamin  D3  all  year  long.'’  Clothing  and 
sunscreen  effectively  prevent  vitamin  D3  production  in  the  covered  areas.  Vitamin  D3 
produced  in  the  skin  can  be  carried  to  the  liver  and  other  tissues  for  further  metabolism 
to  2 5 -hydroxy vitamin  D  (250HD)  and  then  to  the  kidney  to  produce  l,25(OH)2D  by 
the  enzyme  CYP27B1.  However,  as  noted  above,  the  keratinocyte  contains  the  entire 
pathway  for  l,25(OH)2D  production  from  vitamin  D. 

The  production  of  1 ,25(OH)2D  in  the  skin  is  under  quite  different  regulation  compared 
with  its  production  by  the  kidney.  In  the  kidney  parathyroid  hormone  (PTH),  fibroblast 
growth  factor  23  (FGF23)  and  l,25(OH)2D  itself  are  the  principal  hormonal  regulators: 
PTH  stimulates,  whereas  FGF23  and  l,25(OH)2D  inhibit  l,25(OH)2D  production. 
Keratinocytes  respond  to  PTH  with  increased  l,25(OH)2D  production,  but  these  cells  do 
not  have  the  classic  PTH  receptor  and  do  not  respond  to  cyclic  AMP^  unlike  the  kidney. 
The  effect  of  FGF23  on  keratinocyte  CYP27B1  expression  or  function  has  not  been 
reported.  Furthermore,  unlike  the  kidney,  1 ,25(OH)2D  does  not  directly  affect  CYP27B 1 
expression  in  keratinocytes.  Rather,  1 ,25(OH)2D  regulates  its  own  levels  in  the  keratinocyte 
by  inducing  CYP24,  the  catabolic  enzyme  for  l,25(OH)2D3.^“  In  the  keratinocyte  the 
major  regulators  of  1 ,25(OH)2D  production  are  cytokines  such  as  tumor  necrosis  factor-a 
(TNF)"  and  interferon-y  (IFN).^'  These  cytokines  are  activated  in  the  skin  by  UVB,  which 
of  course  also  increases  the  substrate  via  increased  vitamin  D  production. 


VITAMIN  D  RECEPTOR:  MECHANISM  OF  ACTION 

The  VDR  is  a  member  of  the  nuclear  hormone  receptor  superfamily  These  members 
are  characterized  by  a  highly  conserved  DNA  binding  domain  characterized  by  two  zinc 
fingers  and  a  stmcturally  conserved  ligand  binding  domain  that  has  at  its  C-terminal  end 
the  AF2  domain  to  which  coactivator  complexes  bind.^^  The  ligand  binding  domain  also 
serves  as  the  region  to  which  VDR  binds  to  its  transcriptional  partners,  RXR  being  the 
major  one.  In  general  ligand  (ie.  l,25(OH)2D)  binding  is  required  for  the  VDR/RXR 
heterodimer  to  form  and  bind  to  those  regions  on  the  DNA  called  vitamin  D  response 
elements  (VDRE).  Ligandbinding  also  alters  the  stmctureofthe  VDR  with  majormovement 
of  helix  12  (C-terminus)  into  position  to  enclose  the  ligand  while  exposing  sites  on  the 
VDR  in  helices  3,  5  and  12  to  which  coactivators  bind.  These  coactivators  can  in  turn 
recruit  chromatin  modifying  enzymes  such  as  histone  acetyl  transferases  (SRC,  CBP/ 
p300,  pCAF)  and  DNA  demethylases  or  proteins  that  bridge  the  gap  between  the  VDRE 
and  the  transcription  machinery  (Mediator  complex)  including  TATA  associated  factors, 
TFIIb,  and  RNA  polymerases  (primarily  RNA  pol  II).  In  the  absence  of  ligand  binding 
sites  for  corepressors  are  exposed.  These  corepressors  recruit  another  set  of  chromatin 
modifying  enzymes  such  as  histone  deacetylases  and  DNA  methyl  transferases.^’  The 
most  common  VDRE  is  comprised  of  two  head  to  tail  half  sites  of  hexanucleotides 
separated  by  3  nucleotides,  referred  to  as  DR3  VDREs.  The  sequence  of  these  DR 
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sites  is  heterogeneous,  with  a  consensus  approximated  by  RGKTSA  where  R  =  A  or  G, 
K  =  G  or  T,  S  =  C  or  G.  Moreover,  many  VDREs  are  not  DR3s,  although  DR3s  tend  to 
have  the  highest  affinity  for  VDR/RXR  heterodimers. 

The  VDREs  can  be  quite  distant  from  the  transcription  start  site  of  the  gene  being 
regulated,  occurring  in  introns,  between  genes,  and  in  either  a  5'  or  3'  relationship 
to  the  coding  region.^^  Moreover,  putative  VDREs  as  demonstrated  by  techniques 
such  as  ChIP-seq,  in  which  binding  sites  to  the  genome  by  VDR  are  identified  using 
a  combination  of  chromatin  immunoprecipitation  of  the  VDR  to  DNA  followed  by 
high  throughput  sequencing  of  those  binding  regions,  number  in  the  thousands,  with 
a  substantial  degree  of  cell/tissue  specificity.^*’  Most  genes  have  several  VDREs. 
In  a  review  of  two  such  ChIP-seq  studies  Carlberg  et  al.^*’  noted  that  the  study  in  a 
lymphoblastoid  line  identified  2776  VDREs  for  232  genes  whereas  the  study  in  THP-1 
monocytes  identified  1820  VDREs  for  638  genes.  In  the  latter  study  408  of  the  genes 
were  upregulated,  230  downregulated.  Most  of  the  VDREs  for  the  upregulated  genes 
were  within  400kbp  ofthe  transcription  start  site;  this  was  less  true  for  the  downregulated 
genes.  Only  93  of  the  upregulated  genes  had  VDREs  within  30kbp  of  the  transcription 
start  site.  Moreover,  only  31.7%  of  the  VDREs  were  DR3s.  These  two  studies  had 
a  mere  18%  overlap  of  the  VDREs  identified,  but  differed  not  only  in  cell  line  but 
dose  and  time  after  l,25(OH)2D  was  administered  before  the  cells  were  analyzed. 
Earlier  microarray  studies  had  likewise  demonstrated  the  many  genes  regulated  by 
1,25(0H)2D,  and  the  surprising  lack  of  consensus  from  one  study  to  the  next  perhaps 
due  to  tissue  specificity  and/or  differences  in  dose  and  time  of  l,25(OH)2D  exposure. 
These  studies  demonstrate  the  diversity  of  vitamin  D  regulated  genes  and  diversity 
in  type  and  location  of  VDREs.  Such  studies  have  revolutionized  our  concepts  of  the 
scope  and  means  of  vitamin  D  signaling,  and  reveal  many  potential  mechanisms  by 
which  vitamin  D  signaling  can  regulate  cancer  formation.  In  this  regard  an  unbiased 
systems  biology  approach  mapping  genetic  loci  underlying  susceptibility  to  skin  cancer 
put  the  VDR  in  the  center  of  a  complex  set  of  networks  linking  regulation  of  barrier 
function,  inflammation,  and  tumor  formation. 

The  VDR  is  essential  for  nearly  all  actions  of  l,25(OH)2D  and  its  analogs.  Tumors 
that  are  unresponsive  to  vitamin  D  have  either  lost  their  ability  to  produce  l,25(OH)2D 
(ie.  decreased  CYP27B 1),^*’^**  increased  their  metabolism  of  1 ,25(OH)2D  via  upregulation 
of  CYP24A1,^°  lost  VDR  transcriptional  activity  through  post  translational  alterations 
in  RXR,^‘  or  decreased  their  VDR  expression.  The  latter  may  be  secondary  to  increased 
activity  in  tumors  of  inhibitors  of  VDR  expression  such  as  SNAIL^^  and  SLUG,^^ 
increased  methylation  of  the  VDR  promoter,^'*  or  increased  expression  of  miRNA125b, 
an  inhibitor  of  VDR  expression. In  melanoma  cell  lines  the  administration  of  5-aza 
cytidine  (to  inhibit  DNA  methyltransferase)  and  trichostatin  (to  inhibit  HD  AC  activity) 
could  restore  responsiveness  to  l,25(OH)2D  by  increasing  VDR  levels  and  reducing 
miR125b  expression.^*’ 


MECHANISMS  OF  TUMOR  SUPPRESSION  BY  VITAMIN  D:  GENERAL 

The  demonstration  that  many  genes  and  pathways  are  influenced  by  vitamin  D 
signaling  has  opened  up  a  large  number  of  potential  means  by  which  vitamin  D  signaling 
can  control  tumor  growth  (recent  reviews  in  refs.  37,38)  (Fig.  1). 
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Figure  1.  Multiple  mechanisms  by  which  l,25(OH)2D/VDR  suppress  tumor  formation.  Vitamin  D 
signaling  has  the  potential  to  suppress  tumor  formation  by  affecting  a  number  of  pathways.  Angiogenesis 
is  suppressed  by  reducing  the  expression  of  VEGF  and  its  receptors.  Oxidative  stress  is  reduced  by 
increasing  the  expression  of  enzymes  that  reduce  ROS.  The  cell  cycle  is  inhibited  by  increasing  the 
expression  of  cell  cycle  inhibitors  and  decreasing  the  expression  of  cyclins  and  cyclin  dependent 
kinases.  The  expression  and/or  activation  of  growth  factors  is  inhibited  (for  growth  factors  that  promote 
proliferation)  or  stimulated  (for  growth  factors  that  inhibit  proliferation).  Prostaglandin  synthesis  is 
inhibited,  the  expression  of  their  receptors  is  reduced,  and  the  expression  of  enzymes  that  degrade 
prostaglandins  in  increased.  On  the  other  hand  differentiation  of  the  cells  is  increased,  and  apoptosis 
of  damaged  cells  is  stimulated. 


Cell  Cycle  Regulation 

Regulation  by  1 ,25(OH)2D  of  the  cell  cycle  in  a  number  ofcells,  nomal  and  malignant, 
has  been  demonstrated.  This  results  from  an  upregulation  of  cell  cycle  inhibitors  such  as 
p2P''’  and  p27'^‘'’  (cyclin-dependent  kinase  inhibitors)^^  and  retinoblastoma  like  protein 
2  and  retinoblastoma  binding  protein  6'*“  and  decreased  expression  of  cyclins""  and 
cyclin  dependent  kinases."*^  In  addition  l,25(OH)2D  increases  the  interaction  of  FoxO 
proteins  (tumor  suppressors  controlling  proliferation"'^)  with  VDR  and  FoxO  regulators 
Sirtl  and  protein  phosphatase  1  that  maintain  FoxO  in  the  nucleus  by  blocking  MAPK 
phosphorylation."'"'  Increased  c-MYC  expression  and  activity  are  frequently  found  in 
cancer."'^  c-MYC  induces  the  expression  of  a  number  of  cell  cycle  regulatory  genes  such 
as  cyclin  D2  and  cdk4.  l,25(OH)2D  inhibits  the  expression  of  c-MYC,""’  and  c-MYC 
expression  is  increased  in  the  skin  and  gut  of  VDR  null  mice."'’ 

Growth  Factors 

l,25(OFt)2D  and  its  analogs  regulate  a  number  of  growth  factor  pathways.  Insulin 
like  growth  factor  (IGF)  stimulated  proliferation  of  breast  and  prostate  cells  is  reduced  by 
1  ,25(0H)2D  via  its  induction  ofIGF -I  binding  protein  3  TGF  (32  exerts  antiproliferative 
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actions  in  epithelial  cells.  1 ,25(OH)2D  and  its  analogs  increase  the  expression  of  TGF  (32  and 
TGF p  receptors  in  breast  and  prostate  cancer  cells,"*”  while  suppressing  the  expression 
of  the  latent  TGFp-binding  protein. GDF15  (growth  differentiation  factor  15)  is  a 
member  of  the  TGFp  superfamily,  and  like  TGFp  is  antiproliferative  in  prostate  cancer 
cells.  Its  expression  is  increased  by  l,25(OH)2D.^^’^”  Bone  morphogenic  proteins  (BMPs) 
are  also  members  of  the  TGFp  superfamily  that  have  been  found  to  be  dysregulated  in 
certain  cancers. The  expression  of  several  BMPs  is  regulated  by  l,25(OFI)2D  and  its 
analogs  in  a  number  of  malignant  cell  lines. Wnt/p-catenin  signaling  will  be  dealt 
with  in  depth  when  we  focus  on  vitamin  D  regulated  pathways  in  the  skin,  but  this  pathway 
has  been  extensively  studied  in  the  colon  based  on  the  frequency  of  mutations  in  the 
adenomatous  polyposis  coli  (APC)  gene  in  colon  cancer.^”  In  the  canonical  pathway  of 
wnt/p-catenin  signaling  the  APC  complex  that  would  otherwise  bind  and  phosphorylate 
P-catenin,  targeting  it  for  proteosomal  degradation,  is  inactivated,  allowing  P-catenin  to 
move  to  the  nucleus  where  it  binds  to  LEF/TCF  leading  to  transcription  of  genes  involved 
with  proliferation.  1 ,25(OH)2D/VDRbinds  to  P-catenin,  preventing  its  movement  into  the 
nucleus  and/or  binding  to  LEF/TCF.”’^*  Moreover,  by  increasing  the  levels  ofE-cadherin, 
which  binds  P-catenin  in  the  plasma  membrane,  l,25(OH)2D  can  further  reduce  the 
translocation  of  p-catenin  into  the  nucleus.”’^*  Furthermore,  l,25(OFI)2D  can  suppress 
wnt  signaling  by  stimulating  the  expression  ofthe  wnt  antagonist  DKK- 1  Cystatin  D,  an 
inhibitor  of  several  cysteine  proteases  ofthe  cathepsin  family  that  appear  to  be  involved  in 
wnt  signaling,  has  likewise  been  shown  to  be  a  target  gene  of  1 ,25(OH)2D.'’°  The  induction 
of  cystatin  D  and  other  l,25(OFI)2D  target  genes  such  as  E-cadherin  appear  to  involve  a 
non  genomic  action  requiring  calcium  activation  of  RhoA-ROCK-p38MAPK-MSK  in 
colon  cancer  cells.”'  We  have  shown  that  this  pathway  requires  the  l,25(OH)2D  induced 
calcium  receptor  in  keratinocytes.®  These  and  other  studies  point  to  the  interaction  between 
calcium  and  vitamin  D  signaling  in  the  regulation  of  tumor  formation,””  an  interaction 
that  to  date  has  received  little  attention. 

Apoptosis 

In  addition  to  inhibiting  proliferation,  1 ,25(OH)2D  promotes  apoptosis  in  a  number  of 
malignant  cell  lines  in  part  by  downregulation  of  anti-apoptotic  genes  Bcl-2  and  BcI-Xl”"*  ”” 
and  upregulation  of  the  proapoptotic  gene  GOS2  (GqGi  switch  gene  2).""””  Transcripts  of 
other  pro-apoptotic  genes  increased  by  l,25(OFI)2D  include  death-associated  protein-3, 
caspase  8  apoptosis-related  cysteine  peptidase,  and  fas-associated  death  domain-like 
apoptosis  regulator  as  well  as  a  number  of  caspases.""*  Telomerase  is  a  mechanism  that 
enables  cancer  cells  to  escape  apoptosis.  l,25(OFI)2D  suppresses  telomerase  expression 
by  inducing  miRNA498,  a  transcript  in  the  complementary  strand  of  CTC-360P6.””  Of 
interest  is  this  miRNA  has  its  own  VDRE.”” 

Oxidative  Stress 

As  noted  previously  in  the  discussionofUVA  induced  effects  on  the  epidermis,  oxidative 
stress  can  lead  to  oxidative  DNA  damage,  marked  by  8  hydroxy  2’-deoxyguanosine.  In 
VDR  knockout  mice,  8  hydroxy  2’-deoxyguanosine  levels  are  increased  in  the  colon”* 
and  reduced  by  vitamin  D  supplementation  in  humans.””  l,25(OH)2D  induces  several 
antioxidant  enzymes  in  cancer  cells  including  thioredoxin  reductase  1, superoxide 
dismutase,"*”’””  and  glucose-6  phosphate  dehydrogenase.”' The  induction  of  genes  associated 
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with  DNA  repair  will  be  discussed  at  greater  length  when  we  focus  on  UVB  damage 
to  the  epidermis,  but  the  induction  by  l,25(OH)2D  of  GADD45a  (growth  arrest  and 
DNA-damage  inducible  a),  p53,  RAD23B,  PCNA,  and  DAP-la  may  all  contribute  to 
this  aspect  of  tumor  suppression  by  l,25(OH)2D/VDR.''°“™ 

Prostaglandins 

Prostaglandins  have  been  shown  to  stimulate  cancer  cell  growth.^'  1 ,25(OH)2D  blocks 
prostaglandin  signaling  by  inhibiting  COX2  expression  and  that  ofprostaglandinreceptors 
while  increasing  the  expression  of  hydroxyprostaglandin  dehydrogenase  15-NAD,  the 
prostaglandin  inactivating  enzyme. 

Angiogenesis 

Growing  tumors  require  a  blood  supply.  1,25  (OH)2D  inhibits  angiogenesis  by  blocking 
the  expression  and  function  of  VEGF  (vascular  endothelial  growth  factor),’^’’^  and  mice 
lacking  VDR  had  larger  and  more  vascular  tumors  when  implanted  with  prostate  cells 
from  TRAMP  mice.’'’ 

Immune  System 

The  immune  system  plays  an  important  protective  role  in  cancer  protection”  as 
evidenced  by  the  increased  numbers  of  malignancies  in  immunosuppressedhosts  including 
SCCs  in  immunosuppressed  renal  transplant  patients.”  This  mechanism  will  be  dealt  with 
in  more  depth  when  we  focus  on  the  skin,  as  it  has  not  received  much  study  in  the  context 
of  tumor  protection  in  general  by  l,25(OH)2D.  In  fact  by  stimulating  innate  immunity, 
which  would  promote  inflammation,  and  suppressing  adaptive  immunity,  which  would 
blunt  immune  surveillance  one  might  expect  1,25  (OH2D  to  promote  rather  than  block  tumor 
development  via  its  actions  on  the  immune  system.  As  such,  this  mechanism  of  action  of 
1,25(0H)2D  and  its  receptor  with  respect  to  cancer  development  requires  further  study. 


MECHANISMS  OF  TUMOR  SUPPRESSION  BY  I,25(OH)2DA’DR 
IN  THE  EPIDERMIS 

The  potential  for  vitamin  D  signaling  as  protection  against  epidermal  tumor  formation 
was  demonstrated  when  Zinser  et  al.”  demonstrated  that  85%  of  the  VDR  null  mice 
but  none  of  the  controls  developed  skin  tumors  within  two  months  following  7,12 
dimethylbenzanthracene  (DMBA)  administration.  These  were  primarily  papillomas.  These 
results  have  been  confirmed  using  topical  administration  of  DMBA/TPA.®“  However, 
although  only  papillomas  were  seen  in  the  VDR  null  mice,  RXRa  null  mice  developed 
both  BCC  and  SCC.*®  Subsequently,  Ellison  et  al.®'  and  our  own  group^’demonstrated 
that  VDR  null  mice  were  also  more  susceptible  to  tumor  formation  following  UVB, 
and  many  of  the  tumors  were  SCC  and  BCC.  The  appearance  of  BCC  in  these  studies 
is  surprising  since  the  typical  malignancy  induced  in  mouse  skin  by  UVR,  ionizing 
radiation,  or  chemical  carcinogens  is  SCC  not  BCC.*’  Given  that  BCC  generally  result 
from  increased  hedgehog  (Hh)  signaling,*'*  and  that  lack  of  VDR  results  in  BCC  when 
P-catenin  signaling  is  increased,**  we  became  interested  in  the  relationship  between 
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vitamin  D,  Hh,  and  jS-catenin  signaling  in  tumor  suppression.  The  lack  of  a  normal  innate 
immune  response  in  CYP27B 1  null  mice  to  wounding**"  or  infection*’  and  the  increased 
numbers  of  SCC  in  immunocompromised  patients’*  suggested  that  disruption  of  the 
immune  system  might  contribute  to  the  increased  susceptibility  to  tumor  formation  when 
vitamin  D  signaling  was  impaired.  Moreover,  we*’  noted  a  reduction  in  clearance  in  CPDs 
following  UVB  exposure  of  the  skin  of  VDR  null  mice,  suggesting  that  disruption  of  DNA 
damage  repair  was  playing  a  role  in  tumor  susceptibility  in  these  mice.  In  what  follows 
I  will  examine  three  potential  mechanisms  and  pathways  within  those  mechanisms  for 
their  contribution  to  the  role  of  VDR  as  a  tumor  suppressor:  regulation  of  proliferation 
and  differentiation  with  particular  attention  to  the  hedgehog  (Hh)  and  wnt/(3-catenin 
pathways,  immunoregulation,  and  DNA  damage  repair. 

Vitamin  D  Regulation  of  Epidermal  Proliferation  and  Differentiation 

The  epidermis  is  composed  of  four  layers  of  keratinocytes  at  different  stages  of 
differentiation  (reviewed  in  ref  10).  The  basal  layer  (stratum  basale,  SB)  rests  on  the 
basal  lamina  separating  the  dermis  and  epidermis.  Within  this  layer  are  the  stem  cells. 
These  cells  proliferate,  providing  the  cells  for  the  upper  differentiating  layers.  The  basal 
cells  are  characterized  by  keratins  K5  and  K14  as  well  as  the  stem  cell  marker  K15 
and  integrin  a6|34.  As  the  cells  migrate  upward  from  this  basal  layer  into  the  spinous 
layer  (stratum  spinosum,  SS)  they  initiate  the  production  of  the  keratins  K1  and  KIO, 
the  keratins  characteristic  of  the  more  differentiated  layers  of  the  epidermis.  Cornified 
envelope  precursors  such  as  involucrin  also  appear  in  the  spinous  layer  as  does  the 
enzyme  transglutaminase  K,  responsible  for  the  E-(Y-glutamyl)lysine  cross-linking  of 
these  substrates  into  the  insoluble  cornified  envelope.  Migrating  further  into  the  granular 
layer  (stratum  granulosum,{SG}),  lying  above  the  spinous  layer,  the  cells  acquire  the 
electron-dense  keratohyalin  granules  containing  profilaggrin  and  loricrin  that  give  the 
SG  its  name.  Loricrin  is  a  major  component  of  the  cornified  envelope.  Filaggrin  serves 
to  bundle  the  keratin  filaments,  but  also  when  proteolyzed  is  thought  to  contribute  to 
the  hydration  of  the  outer  layers.  The  granular  layer  also  contains  lamellar  bodies-lipid, 
enzyme,  and  antimicrobial  peptide  filled  structures  that  fuse  with  the  plasma  membrane, 
divesting  their  contents  into  the  extracellular  space  between  the  SG  and  stratum  corneum 
(SC).  The  secreted  enzymes  process  the  lipids  that  contribute  to  the  permeability  barrier 
of  the  epidermis  in  conjunction  with  the  keratin  bundles  and  cornified  envelope.  The 
antimicrobial  peptides  provide  a  barrier  against  infectious  organisms  in  the  SC. 

1  ,25(0H)2D  increases  essentially  every  step  of  this  differentiation  process**'®*  while 
inhibiting  proliferation  at  least  at  concentrations  above  InM.  These  actions  complement 
those  ofcalcium,“  the  response  to  which  is  enhanced  by  l,25(OH)2D  via  its  induction  of 
the  calcium  receptor,®''  ®*  and  the  phospholipase  C  enzymes®'"'®*  that  regulate  intracellular 
calcium  and  other  signaling  molecules  critical  for  the  differentiation  process.  The 
antiproliferative  effects  are  accompanied  by  a  reduction  in  the  expression  of  c-myc®® 
and  cyclin  Dl'““  and  an  increase  in  the  cell  cycle  inhibitors  p21‘"‘P  and  p27'‘‘'’.  In  addition, 
1  ,25(0H)2D  and  its  receptor  regulate  the  processing  of  the  long  chain  glycosylceramides 
that  are  critical  for  permeability  barrier  formation'”'  and  induce  the  receptors,  toll  like 
receptor  2  (TLR2)  and  its  coreceptor  CD  14,  that  initiate  the  innate  immune  response 
in  skin.**"  Activation  of  these  receptors  leads  to  the  induction  of  CYP27B1  (the  enzyme 
that  produces  l,25(OH)2D),  which  in  turn  induces  cathelicidin  resulting  in  the  killing  of 
invasive  organisms. *'"•'“’  Deletion  of  either  VDR"’*"’''  or  CYP27B1"’*  results  in  defects 
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in  the  differentiation  process  leading  to  an  abnormal  barrier  and  increased  proliferation 
of  the  epidermis  with  a  defective  innate  immune  response.**’  Two  pathways  that  appear 
to  be  important  in  vitamin  D  signaling  in  the  epidermis  with  respect  to  proliferation  and 
differentiation  that  we  believe  underlie  the  predisposition  of  the  VDR  null  mouse  to 
tumor  formation  are  the  Hh  and  wnt/|3-catenin  pathways. 

The  Hedgehog  (Hh)  Pathway  (Fig.  2).  In  the  skin  sonic  hedgehog  (Shh)  is  the 
ligand  for  patched  (Ptch)  1,  a  12  transmembrane  domain  protein  that  in  the  absence  of 
Shh  inhibits  the  function  of  another  membrane  protein  smoothened  (Smo).  Smo  in  turn 
maintains  a  family  of  transcription  factors,  Glil  and  Gli2  in  particular,  in  the  cytoplasm 
bound  to  Suppressor  of  fused  (Sufu).'°*’  '“^  When  Shh  binds  to  Ptch  1,  the  inhibition  of 
Smo  is  relaxed,  Glil  and  2  are  released  from  Sufu  and  move  into  the  nucleus  where 
they  initiate  transcription  of  a  number  of  factors  including  each  other  as  well  as  Ptch  1, 
the  anti  apoptotic  factor  bcl2,  cyclins  D1  and  D2,  E2F1,  cdc45  (all  of  which  promote 
proliferation),  while  suppressing  genes  associated  with  keratinocyte  differentiation  such 
as  Kl,  KIO,  involucrin,  loricrin  and  the  VDR.'“*  "^ 


Figure  2.  Regulation  of  Hh  and  wnt/p-catenin  signaling  by  l,25(OH)2D/VDR.  The  keratinocyte  expresses 
VDR  and  is  capable  of  making  its  own  l,25(OH)2D3  from  the  vitamin  D3  produced  from  7-dehydrocholesterol 
(DHC)  under  the  influence  of  UVB,  as  it  has  both  CYP27A1/CYP2R1  (which  convert  vitamin  D3  to 
25OHD3)  and  CYP27B1  (which  converts  25OHD3  to  l,25(OH)2D3).  l,25(OH)2D/VDR  suppresses  Shh 
and  gli  1  expression,  inhibiting  the  Hh  pathway  in  keratinocytes.  l,25(OH)2D/VDR  binds  p-catenin  and 
induces  E-cadherin  expression  reducing  the  amount  of  p-catenin  available  for  binding  to  TCF/LEF  in 
the  nucleus  limiting  its  transcriptional  activity.  In  combination  these  actions  reduce  the  proliferative 
actions  of  Shh  and  P-catenin  signaling  in  keratinocytes,  limiting  their  ability  to  induce  tumors  in  the  skin. 
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The  appearance  of  BCC  is  characteristic  of  tumors  formed  when  Hh  signaling  is 
disrupted,"^  although  activation  of  Hh  signaling  also  predisposes  to  UVR  induced  SCC 
formation.  ’ VDR  null  animals  overexpress  elements  of  the  Hh  signaling  pathway  in  their 
epidermis  and  the  epidermal  portion  (utricles)  of  the  hair  follicles.  Moreover,  1 ,25(OH)2D 
suppresses  the  expression  of  all  elements  of  the  Hh  pathway  in  a  dose  dependent  fashion 
that  requires  the  VDR*^  "^  and  reduces  tumor  growth  in  Ptch  Inull  mice.  The  promoters 
of  Shh  and  Glil  have  binding  sites  for  VDR"'’  suggesting  that  the  effects  of  l,25(OH)2D 
on  these  genes  is  direct.  However,  vitamin  D  has  also  been  shown  to  bind  to  and  inhibit 
the  actions  of  smoothened  (Smo)  directly  without  seeming  to  require  further  metabolism 
to  1,25(0H)2D.'""* 

The  wnt/fTCatenin  Pathway  (Fig.  2).  Wnt  signaling  via  activation  of  |3-catenin  has 
a  complex  role  in  VDR  function  as  discussed  briefly  earlier.  In  the  canonical  pathway 
the  receptor  for  wnt  ligands  is  a  family  of  seven-transmembrane  Frizzled  receptors 
and  an  LRP5  or  LRP6  co-receptor.  When  wnt  binds  to  this  complex  disheveled  (Dvl) 
is  phosphorylated  resulting  in  disruption  of  the  axin/APC  complex  and  inhibition  of 
glycogen  synthase  kinase  3P  ((GSK-3P)).  In  the  basal  state  GSK-3P  phosphorylates 
the  serine(s)  within  exon  3  of  P-catenin  resulting  in  its  degradation  by  the  E3  ubiquitin 
ligase.  Wnt  signaling,  by  blocking  this  phosphorylation,  increases  the  availability  of 
P-catenin  in  the  nucleus,  where  it  binds  to  transcription  factors  of  the  T-cell  factor 
(TCF)  and  lymphoid  enhancer  factor  (LEF)  families  to  promote  expression  of  genes 
such  as  cyclin  D1  and  c-myc"’  important  for  proliferation.  P-catenin  also  forms  part  of 
the  adherens  junction  complex  with  E-cadherin  where  it  may  play  an  important  role  in 
keratinocyte  differentiation. Tyrosine  phosphorylation  of  E-cadherin,  as  occurs  after 
calcium  administration  to  keratinocytes,  promotes  the  binding  of  P-catenin  and  other 
catenins  to  the  adherens  junction  complex'^'’  ’^'  making  it  less  available  for  transcriptional 
activity.  1 ,25(OH)2D  increases  E-cadherin  expression.  Overexpression  and/or  activating 
mutations  in  the  P-catenin  pathway  lead  to  skin  tumors,  in  this  case  pilomatricomas  or 
trichofolliculomas  (hair  follicle  tumors).  As  noted  earlier  VDRbinds  to  P-catenin,  and 

reduces  the  transcriptional  activity  of  P-catenin  in  a  1 ,25(OH)2D  dependent  fashion.^’  On 
the  other  hand  binding  of  P-catenin  to  VDR  in  its  AF -2  domain  enhances  the  1 ,25(OH)2D 
dependent  transcriptional  activity  of  VDR.^*  Palmer  et  al.*^  evaluated  the  interaction 
between  VDR  and  P-catenin  in  transcriptional  regulation  in  keratinocytes,  and  identified 
putative  response  elements  for  VDR  and  P-catenin/LEF  in  a  number  of  genes.  These 
interactions  were  either  positive  or  negative,  depending  on  the  gene  being  evaluated.  The 
hypothesis  put  forward  is  that  genes  in  which  the  interaction  was  positive  (ie.  stimulated 
transcription)  benefited  from  P-catenin  acting  as  a  coactivator  for  VDR  on  VDREs, 
whereas  in  situations  where  the  interaction  was  negative  (ie.  suppression  of  transcription) 
VDR  prevented  P-catenin  from  binding  to  TCF/LEF  required  for  transcription  in  those 
genes.  We'“°  have  found  in  keratinocytes  that  knockdown  of  VDR  reduces  E-cadherin 
expression  and  formation  of  the  p-catenin/E-cadherin  membrane  complex  resulting  in 
increased  P-catenin  transcriptional  activity,  whereas  l,25(OH)2D  administration  has  the 
opposite  effect.  This  was  associated  with  increased  (with  VDR  knockdown)  or  decreased 
(with  1,25(0H)2D  administration)  keratinocyte  proliferation  and  cyclin  D1  expression. 
On  the  other  hand  Cianferotti  et  al."'’  found  a  reduction  in  proliferation  of  keratinocytes 
in  the  dermal  portion  of  the  hair  follicle  (below  the  bulge)  in  VDR  null  mice,  and  no 
stimulation  of  proliferation  when  p-catenin  was  overexpressed  in  these  cells  in  contrast 
to  the  stimulation  of  proliferation  in  control  animals.  Thus  VDR/p-catenin  interactions 
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can  be  positive  or  negative,  depending  on  the  gene/cell/ function  being  evaluated,  but  in 
the  epidermis  in  the  absence  of  VDR,  the  unchecked  activity  of  (S-catenin  appears  to  be 
proliferative  and  inhibitory  of  differentiation  resulting  in  BCC. 

Vitamin  D  Regulation  of  Immune  Function  in  the  Skin 

VDR  and  CYP27B 1  are  found  in  professional  immune  cells,  namely  dendritic  cells, 
macrophages,  and  lymphocytes'^’  ’^*  responsible  for  both  innate  and  adaptive  immune 
responses  as  well  as  in  epithelial  cells  expressing  the  components  of  the  innate  immune 
response.  l,25(OH)2D  regulates  the  proliferation  and  function'’”  of  these  cells.  Although 
it  is  not  clear  the  extent  to  which  dysregulated  immune  function  contributes  to  cancer 
development  in  the  skin,  a  link  between  inflammation  and  cancer  susceptibility  in  the 
skin  involving  VDR  has  been  established.” 

Adaptive  Immunity.  The  adaptive  immune  response  involves  the  ability  of  T  and  B 
lymphocytes  to  produce  cytokines  and  immunoglobulins,  respectively,  in  response  to 
antigens  presented  to  them  by  cells  such  as  macrophages  and  dendritic  cells.  1 ,25(OH)2D 
suppresses  the  adaptive  immune  response  by  inhibiting  proliferation,  immunoglobulin 
production,  and  differentiation  of  B-cell  precursors  into  plasma  cells.”*  l,25(OH)2D 
inhibits  T  cell  proliferation”"  and  the  differentiation  of  CD4  cells  into  Thl  cells  capable 
of  producing  IFN-y  and  IL-2  and  activating  macrophages”’  and  Thl7  cells  capable  of 
producing  IL17  and  IL22.”’’”*  On  the  other  hand  l,25(OH)2D  stimulates  IL-4,  IL-5, 
and  ILIO  production””  by  increasing  CD4  cell  differentiation  into  Th2  and  regulatory  T 
cells  (Treg).”*  The  IL-10  so  produced  is  one  means  by  which  Treg  block  Thl  and  Thl7 
development.  Part  of  these  effects  is  mediated  by  the  negative  impact  of  l,25(OH)2D 
on  the  maturation  and  antigen  presenting  capability  of  dendritic  cells.'*"  It  is  unclear  if 
this  suppression  of  the  adaptive  immune  system  alters  tumor  surveillance  in  the  skin. 

Innate  Immunity.  The  innate  immune  response  involves  the  activation  of  toll-like 
receptors  (TLRs)”’  that  serve  as  transmembrane  pathogen-recognition  receptors  detecting 
specific  membrane  patterns  (PAMP)  shed  by  a  wide  variety  of  infectious  agents.’** 
Activation  of  TLRs  leads  to  the  induction  of  antimicrobial  peptides  and  reactive  oxygen 
species,  which  kill  the  organism.  Cathelicidin  is  the  best  studied  of  these  antimicrobial 
peptides.  The  expression  of  cathelicidin  is  induced  by  l,25(OH)2D  in  both  myeloid  and 
epithelial  cells,'*”’’”"  cells  that  also  express  CYP27B1  and  so  are  capable  of  producing 
1,25(0H)2D  needed  for  this  induction.  Stimulation  of  TLR2  in  macrophages’”'  or 
keratinocytes*"  results  in  increased  CYP27B1  expression,  which  in  the  presence  of 
adequate  substrate  (250HD)  induces  cathelicidin  expression.  Lack  of  substrate  (250HD), 
VDR,  or  CYP27B1  blunts  the  ability  of  these  cells  to  respond  with  respect  to  cathelicidin 
production. 

The  major  cells  involved  in  adaptive  immunity  in  the  skin  include  the  Langerhans 
cells,  dendritic  cells,  and  T  cells.  The  Langerhans  cells  are  dendritic  like  cells  within  the 
epidermis  that  when  activated  by  invading  organisms  migrate  to  the  lymph  nodes  serving 
the  skin  where  they  present  the  antigens  to  the  T  cells,  initiating  the  adaptive  immune 
response.  ’”’  Keratinocytes,  on  the  other  hand,  are  equipped  with  toll  like  receptors  that  enable 
them  to  respond  to  invading  organisms  with  elaboration  of  antimicrobial  peptides  such 
as  cathelicidin.’"’  However,  cathelicidin  also  induces  an  inflammatory  response.’”*  UVB 
leads  to  a  reduction  in  Langerhans  cells  and  blunts  their  antigen  presenting  activity,’””  ’”" 
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but  stimulates  the  innate  immune  function  of  keratinocytes  perhaps  as  a  consequence  of 
UVB  induced  vitamin  D/l,25(OH)2D  production  in  the  skin.’'*^  *''® 

The  potential  role  of  altered  skin  immunity  by  UVB  with  respect  to  skin  carcinogenesis 
was  suggested  by  Kripke  and  Fisher.’'*’  They  found  that  skin  tumors  originally  induced 
in  mice  by  chronic  UVR,  would  grow  when  transplanted  into  mice  that  had  been  UV 
irradiated  but  not  when  transplanted  into  control  mice.  The  role  of  1 ,25(0F1)2D  production 
in  UVR  immunosuppression  is  not  clear.  Topical  application  of  high  concentrations  of 
1  ,25(0H)2D  protected  against  UVR  induced  suppression  of  contact  hypersensitivity  in 
the  mouse, but  a  study  in  humans  by  the  same  group  showed  suppression  of  delayed 
hypersensitivity  (Mantoux  test)  by  topical  l,25(OH)2D.’^’  These  data  are  limited,  but 
raise  some  concern  about  the  balance  between  innate  and  adaptive  immunity  in  tumor 
surveillance,  and  how  that  balance  is  affected  by  vitamin  D. 

Vitamin  D  Regulation  of  the  DNA  Damage  Response 

DNA  damage  repair  (DDR)  is  the  means  by  which  UVR  and  chemical  induced  DNA 
damage  is  prevented  from  producing  fixed  DNA  mutations. DDR  involves  a  cascade 
of  damage  recognition,  repair  and  signal  transduction  that  coordinates  the  response  of 
the  cell  to  DNA  damage.  DDR  activates  checkpoints  that  delay  the  cell  cycle,  provides 
time  for  repair,  and  directs  damaged  cells  into  senescent  or  apoptotic  pathways.  DDR 
involves  a  number  of  components,  is  well  orchestrated,  tightly  controlled,  and  highly 
accurate  in  normal  primary  cells  such  that  the  spontaneous  mutation  rate  is  very  low, 
and  changes  in  copy  number  are  negligible. With  malignant  transformation  DDR 
becomes  less  controlled,  and  mutation  rates  and  copy  number  abnormalities  increase  by 
orders  of  magnitude. Nucleotide  excision  repair  (NER)  is  the  principal  means 
by  which  UVR  damage  is  repaired,  enabling  repair  before  DNA  replication  begins.  This 
is  important  as  NER  plays  a  major  role  in  reducing  the  amount  of  damage  that  becomes 
fixed  as  mutations  during  replication,  During  NER,  the  DNA  damage  is  recognized, 
the  DNA  unwound  around  the  lesion,  and  30  base  pair  portions  of  DNA  containing  the 
lesion  are  excised  by  endonucleases  such  as  XPF  and  XPG  followed  by  fill  in  with  DNA 
polymerases  such  as  Pol  6,e,k. 

The  NER  process  has  two  main  branches  involving  different  mechanisms  for  the 
initial  recognition  of  DNA  damage’'”:  transcription  coupled  repair  (TCR)  during  which 
DNA  polymerases  stop  replication  at  the  site  of  the  lesion  until  it  is  repaired, and 
global  genomic  repair  (GGR),  during  which  non-transcribed  regions  of  the  genome  are 
repaired.’*”  Keratinocytes  in  the  epidermis  of  mice  lacking  VDR  are  deficient  in  DDR 
as  demonstrated  by  a  reduced  rate  of  clearing  CPDs  and  6,4PPs  following  UVB.’*’* 
Moreover,  1,25(0F1)2D  increases  CPD  clearance  in  VDR  intact  mice.’'”’™  These 
actions  have  been  demonstrated  with  l,25(OFt)2D  analogs  that  are  not  thought  to  have 
genomic  activity.””  However,  at  least  part  of  this  enhancement  of  CPD  clearance  is  due 
to  the  upregulation  of  two  genes  important  for  DDR:  XPC  (xeroderma  pigmentosum 
complementation  group  C)  and  DDB2  (damage-specific  DNA  binding  protein  2  also 
known  as  XPE). Furthermore,  l,25(OH)2D  has  been  shown  to  increase  the  levels 
of  p53,  which  could  enhance  apoptosis  in  those  cells  bearing  excess  DNA  damage,”” 
and  reduce  UVR  induced  oxidative  stress  contributing  to  the  DNA  damage.’™  As  such 
these  actions  of  vitamin  D  signaling  on  DDR  contribute  to  the  reduced  susceptibility  of 
normal  skin  to  UVB  induced  tumor  formation. 
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CONCLUSION 

The  VDR  is  present  innearly  every  cell  in  the  body.  Moreover,  the  enzyme,  CYP27B 1 , 
required  for  the  production  of  the  VDR  ligand,  1 ,25(OH)2D,  is  likewise  widely  distributed. 
Because  of  its  abundance  of  7-DHC,  the  epidermis  is  unique  in  its  capability  to  produce 
vitamin  D,  metabolize  it  to  l,25(OH)2D,  and  respond  to  l,25(OH)2D  in  a  number  of 
ways.  Recent  data  from  microarray  and  ChIP-seq  studies  have  demonstrated  hundreds, 
perhaps  thousands  of  genes  regulated  by  1 ,25(OH)2D/VDR  via  VDREs  which  are  located 
throughout  the  gene.  The  selection  of  the  genes  regulated  by  l,25(OH)2DA^DR  at  any 
one  time  is  cell  specific  and  most  likely  dose  and  time  specific  with  respect  to  exposure 
to  1,25(0H)2D.  As  a  result  of  these  studies,  numerous  pathways  have  been  discovered 
by  which  l,25(OH)2D/VDR  may  prevent  cancer.  In  the  skin  UVB  is  critical  for  vitamin 
D  production,  but  UVB  is  also  the  major  cause  of  skin  cancer.  This  chapter  examines  the 
question  of  whether  the  beneficial  effects  of  UVB  on  vitamin  D  production  can  counter 
the  harmful  effects  on  carcinogenesis.  Epidemiologic  data  suggest  that  there  may  be 
a  threshold  below  which  UVR  is  not  carcinogenic,  a  threshold  that  would  suffice  for 
adequate  vitamin  D  production.  Conceivably,  vitamin  D  production  at  such  levels  of  UVB 
exposure  might  even  be  protective.  Three  potential  mechanisms  for  such  protection  were 
examined.  The  first  mechanism  focuses  on  the  role  of  vitamin  D  signaling  in  keratinocyte 
proliferation  and  differentiation.  In  particular,  two  pathways  affecting  proliferation  and 
differentiation,  namely  the  hedgehog  and  wnt/p-catenin  pathways,  were  evaluated.  Mice 
lacking  the  VDR  have  increased  expression  of  the  hedgehog  pathway  and  increased 
activation  of  the  wnt/p-catenin  pathway.  l,25(OH)2D  suppresses  both  pathways  in  cells 
containing  the  VDR.  Overexpression  of  the  hedgehog  and  wnt/jl-catenin  pathways  lead  to 
increased  proliferation  and  decreased  differentiation  associated  with  tumor  development. 
The  second  mechanism  involves  the  role  of  vitamin  D  signaling  in  the  immune  system 
of  the  skin.  The  role  of  the  immune  system  in  epidermal  carcinogenesis  is  not  clear. 
However,  in  an  unbiased  genomic  examination  of  pathways  associated  with  tumor 
susceptibility,  inflammation,  keratinocyte  differentiation,  andtumor  formation  were  linked 
through  the  VDR.  l,25(OH)2D/VDR promotes  innate  immunity  but  suppresses  adaptive 
immunity.  Whether  this  is  beneficial  regarding  tumor  development  requires  further  study. 
The  third  mechanism  is  DNA  damage  repair  (DDR).  The  epidermis  of  VDR  null  mice 
show  impaired  DDR  following  UVR.  l,25(OH)2D  accelerates  DDR  by  what  appear  to 
be  genomic  and  non  genomic  actions.  On  teleologic  grounds  one  might  anticipate  that 
the  skin  has  developed  mechanisms  to  protect  itself  from  the  harmful  effects  of  UVR. 
Vitamin  D  production,  metabolism,  and  regulation  of  the  processes  described  in  this 
chapter  may  play  a  key  role  in  this  protection. 
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Abstract 

Accumulating  evidence  strongly  suggests  a  protective  role  of  vitamin  D  signaling 
against  chemical  and  UVR-induced  skin  cancer  formation.  However,  the  mechanism 
remains  largely  unknown.  Recently,  the  emerging  role  of  long,  non-coding  RNA 
(IncRNA)  as  a  hallmark  of  cancer  has  become  better  appreciated.  LncRNAs  are  mRNA- 
like  transcripts  ranging  in  length  from  200  bases  to  100  kb  lacking  significant  open 
reading  frames,  which  are  involved  in  a  broad  spectrum  of  tumorigenic/metastatic 
processes.  In  this  study  we  profiled  90  well-annotated  mouse  IncRNAs  from  cultured 
mouse  keratinocytes  after  deleting  the  vitamin  D  receptor  (VDR)  (~  90%)  vs.  control 
cells  using  an  IncRNA  array  analysis.  We  found  that  several  well-known  oncogenes, 
including  H19,  HOTTIP  axi&Nespas,  are  significantly  increased  (6.3  ~  1.8  fold),  whereas 
tumor  suppressors  {Kcnqlotl,  lincRNA-p21)  are  decreased  (up  to  50~70%)  in  VDR 
deleted  keratinocytes.  A  similar  pattern  of  IncRNA  profiling  is  observed  in  the  epidermis 
of  K14  driven,  tamoxifen-regulated  epidermal-specific  VDR  null  vs.  wild-type  control 
mice,  and  additionally  there  is  an  increase  in  the  expression  levels  of  other  oncogenes 
{niHOTAIR,  Malatl  and  SRA)  and  a  decrease  of  other  tumor  suppressors  {Foxn2-as, 
Gtl2-as,  H19-as).  The  increased  expression  levels  of  HOTTIP  and  H19  were  further 
confirmed  by  the  real-time  PCR  analysis  with  individually  designed  primer  sets.  The 
major  finding  of  this  study  is  a  novel  mechanism  for  protection  by  VDR  against  skin 
cancer  formation  by  maintaining  the  balance  of  oncogenic  to  tumor  suppressing  IncRNAs. 
In  keratinocytes  lacking  VDR  this  balance  is  disturbed  with  increased  expression  of 
oncogenes  and  decreased  expression  of  tumor  suppressors,  a  mechanism  that  predisposes 
the  VDR  deficient  mice  to  skin  cancer  formation.  (Total  Word;  261;  limit:  350). 
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1 .  Introduction 

Previously  we  and  other  groups  have  reported  that  global  vitamin  D  reeeptor  knoek 
out  (VDR'')  mice  are  predisposed  to  either  chemical  (DMBA)  or  UVB-induced  skin 
tumor  formation  [1-3],  indicating  a  role  for  VDR  as  tumor  suppressor  in  skin.  Very 
recently  our  lab  has  identified  that  aging  conditional  epidermal-specific  VDR'  '  mice 
develop  spontaneous  skin  tumor  (unpublished  results),  suggesting  that  there  is  a 
fundamental  protection  role  of  VDR  against  skin  tumor.  However,  the  mechanism 
underlying  VDR  protection  against  chemical  or  UVB-induced  or  spontaneous  skin  tumor 
formation  is  not  completely  understood. 

VDR  belongs  to  the  subfamily  of  nuclear  hormone  receptors  requiring 
heterodimerization  with  RXR  (retinoid  X  receptor)  for  effective  DNA  interaction  [4], 
VDR  is  encoded  by  a  relatively  large  gene  encompassing  2  promoter  regions,  8  protein¬ 
coding  exons  and  6  un- translated  exons  [5].  It  has  an  extensive  promoter  region  capable 
of  generating  multiple  tissue-specific  transcripts.  In  addition,  VDR  extends  its  signaling 
by  directly  or  indirectly  interacting  with  many  other  mediators;  one  such  important 
molecule  is  steroid  receptor  RNA  activator  (SRA),  in  which  VDR  and  SRC  (steroid 
receptor  coactivator)  are  cross  regulated  via  interaction  between  the  SRC-1  and  SLIRP 
(SRA  stem-loop  interacting  RNA  binding  protein)  [6]. 

SRA  belongs  to  the  super  family  of  long  non-coding  RNA  (IncRNA),  which  have 
recently  been  discovered  owing  to  the  completion  of  the  human  genome  project  as  well 
as  the  advancement  in  new  technologies  of  deep  sequencing  and  DNA  tiling  arrays.  The 
human  genome  only  encodes  -20,000  protein-coding  gene,  representing  <2%  of  the  total 
genome  sequence,  while  90%  of  the  genome  has  been  found  to  be  actively  transcribed 
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without  protein  coding  potential  [7].  These  non-coding  transcripts  can  be  broadly 
categorized  into  short  and  long  non-coding  RNA.  The  arbitrary  size  delineation  is  at 
about  200  bases  in  length:  small  non-coding  RNAs  are  less  than  200  bases,  including 
tRNAs,  microRNAs,  small  nuclear  (snoRNAs).  In  contrast,  IncRAs  are  endogenous 
cellular  RNAs  of  larger  than  200  bases  and  can  even  be  greater  than  100  kb  in  length  [8]. 
LncRNAs  account  for  80%  of  the  transcriptome  [7];  they  are  spliced  and  contain 
polyadenylation  signals,  much  like  messenger  RNAs  [9].  LncRNAs  are  expressed  cross 
mammalian  genomes  and  have  emerged  as  master  regulators  of  embryonic  pluripotency, 
differentiation,  and  body  axis  patterning,  promoting  developmental  transitions  [9,  10]  and 
regulating  histone  modifications  hence  influencing  the  epigenetic  programs  of  the 
transcriptome  [11].  Most  critically,  recent  studies  indicate  that  IncRNAs  function  as 
master  regulators  of  cancer  development,  by  sustaining  tumor  cell  proliferation,  evading 
growth  suppressors,  enabling  replicative  immortality,  inducing  angiogenesis,  and 
promoting  invasion  and  metastasis  [8,  12,  13].  In  lieu  of  the  emerging  role  of  IncRNAs  in 
tumorigenesis,  we  explored  the  potential  role  of  IncRNAs  in  VDR  protection  against  skin 
tumor  formation  by  profiling  the  IncRNA  expression  using  in  vitro  cultured  mouse 
keratinocytes  and  in  vivo  a  VDR'  '  mouse  model. 

2.  Materials  and  methods 

2.1  IncRNA  profiling  of  cultured  mouse  keratinoeytes 

Primary  mouse  keratinocytes  were  isolated  from  newborn  mice  of  fioxed  VDR 
according  to  the  protocol  reported  [6].  Cells  were  cultured  in  serum- free  growth  medium 
(CnT07-BM.l,  Cascade  Biologies,  Portland,  OR)  containing  0.07mM  Ca^^  until  60-70% 
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confluency.  For  VDR  deletion  studies  in  vitro,  eells  were  transduced  with  an  adenovirus 
carrying  the  anti-sense  mouse  Cre  recombinant  cDNA  (5  plaque-forming  units 
(p.fu)/cell)  in  medium  containing  0.03  mM  Ca  for  48  hours.  Control  cells  were 
transduced  with  an  adenovirus  carrying  the  Ad-DNR  empty  vector.  Vectors  were 
constructed  and  virus  was  prepared  as  described  previously  [14].  At  the  end  of 
transduction,  total  RNA  was  isolated  and  IncRNA  array  analysis  was  performed 
according  to  the  manufacturer’s  instructions  (System  Biosciences  Inc.,  Mountain  View, 
CA). 

22  IncRNA  profiling  of  epidermis  from  conditional  VDR'^'  mice 

Mice  homozygous  for  floxed  VDR  were  bred  with  mice  expressing  K14ER*^™  cre 
recombinase  to  selectively  knockout  the  VDR  in  the  keratinocytes  of  skin  using 
parenteral  application  of  tamoxifen  as  reported  [15].  Epidermal  preparation  (from  8 
weeks  old  mice;  n=3~4)  and  RNA  extraction  were  described  previously  [15],  and 
IncRNA  profiling  was  performed  as  described.  All  animal  experimentation  in  this  study 
has  been  approved  by  the  San  Erancisco  VA  Medical  Center  Animal  Review  Committee. 
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3.  Results  and  discussion 

The  profile  of  IneRNA-expression  reveals  an  inerease  in  oneogenie  IneRNAs  and  a 
deerease  in  tumor  suppressors  in  both  VDR  deletion  keratinoeytes  and  epidermis 

To  investigate  the  role  of  IncRNAs  in  VDR  proteetion  against  skin  eancer  formation, 
we  first  compared  the  expression  levels  of  90  most  studied  mouse  IncRNAs  originally 
reported  by  Mattick’s  group  [16]  in  VDR  deleted  mouse  keratinoeytes  versus  control 
cells,  using  an  IncRNA  array  kit  in  a  96-well  format.  The  efficiency  of  VDR  deletion  by 
adenovirus  ere  transduction  in  these  cells  (>  90%)  was  monitored  by  measuring  the 
mRNA  level  of  VDR  by  RT-qPCR  (data  not  shown).  The  result  of  the  basal  expression 
levels  of  IncRNAs  that  were  significantly  altered  (either  increase  or  decrease)  in  VDR 
deleted  CMKs  were  summarized  in  Table  1  (right  panel).  Among  7  IncRNAs  that  up- 
regulated,  HOTTIP,  H19  and  Nespas  are  well  documented  oncogenes,  and  increased 
expression  levels  of  these  IncRNAs  also  occur  in  other  cancers  including  lung,  prostate, 
and  colon  [13].  Of  3  IncRNAs  that  decreased  after  VDR  deletion  in  mouse  keratinoeytes, 
lincRNA-p21  and  Kcnqlotl  are  two  well-characterized  tumor  suppressors  [13,  17]. 

To  confirm  the  results  obtained  from  cultured  mouse  keratinoeytes,  the  epidermis  was 
isolated  from  K14-driven,  tamoxifen-regulated  epidermal-specific  VDR  null  mice.  The 
floxed  VDR  mice  from  the  same  litter  without  Cre  served  as  control  [15].  Total  RNA  was 
isolated  from  the  epidermis  and  IncRNA  array  profiling  was  performed  using  the  same 
protocols  as  described  above.  The  result  of  the  basal  expression  levels  of  IncRNAs  that 
were  significantly  altered  in  VDR  null  mice  was  summarized  in  Table  1  (left  panel).  As 
shown  in  the  table,  H19,  HOTTIP  and  Nespas  are  significantly  and  consistently  increased 
in  both  cultured  keratinoeytes  and  epidermis  following  VDR  deletion.  The  enhancement 
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of  HI  9  and  HOTTIP  expression  level  is  further  confirmed  by  real-time  PCR  analysis 
using  specific  primer  sets  recognizing  individual  mouse  H19  and  HOTTIP  gene  (data  not 
shown).  Additionally,  more  IncRNAs  were  found  to  be  up-regulated  {Air,  HOTAIR, 
Malatl  and  SRA;  Table  1),  which  are  all  known  to  be  oncogenic  [13].  The  enhancement 
of  these  oncogenes  following  VDR  deletion  may  prime  keratinocytes  to  be  more  sensitive 
to  environmental  stressors  and  eventually  skin  cancer  formation.  For  instance,  in  humans 
the  HI 9  gene  is  an  imprinted,  maternally  expressed  gene,  and  tightly  linked  and  co¬ 
regulated  with  the  imprinted,  paternally  expressed  gene  of  insulin-like  growth  factor  2. 
The  HI 9  gene  product  is  not  translated  into  protein  and  functions  as  an  RNA  molecule 
[18],  which  is  abundantly  expressed  in  many  tissues  during  embryogenesis  and  is  down 
regulated  postnatally  [19].  Interestingly,  the  re-expression  of  this  “oncofetal  RNA”  gene 
is  found  in  adult  tumors,  and  is  essential  for  human  tumor  growth  [20-22].  HOTTIP 
(HOXA  transcript  at  the  distal  tip)  is  another  IncRNA.  It  is  expressed  from  the  5  ’  end  of 
the  HoxA  locus  and  drives  histone  H3  lysine  4  trimethylation  and  gene  transcription  of 
HoxA  distal  genes  through  the  recruitment  of  the  WDR5/MLL  complex  [23].  In  this 
study,  we  are  the  first  to  identify  that  HI 9,  HOTTIP  and  Nespas  are  significantly  up- 
regulated  following  VDR  deletion  in  cultured  mouse  keratinocytes  and  epidemis.  Other 
IncRNAs  such  as  Dlxlas,  Mistral,  lincI242-LINC-Enah  and  recombination  hot  spot  RNA 
are  also  increased  in  both  keratinocytes  and  epidermis,  but  their  functions  are  less  known. 
AntiPegll,  Dio3os,  Msxias,  PINC,  and  ZfasI  are  also  increased  in  epidermis;  again,  their 
functions  are  less  known. 

Of  a  panel  of  7  IncRNAs  that  decreased  after  VDR  deletion,  lincRNA-p21  and 
Kcnqiotl  are  two  well-characterized  tumor  suppressors  [13,  17],  and  consistently  and 
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significantly  decreased  in  both  keratinoeytes  and  epidermis  (Table  1).  LincRNA-p21  is  a 
direet  p53  target  gene  residing  next  to  the  p21  gene,  which  is  up-regulated  upon  DNA 
damage  in  different  tumor  models  [24],  LincRNA-p21  exerts  its  tumor  suppressor 
funetion  via  assoeiation  with  hnRNP,  a  well-known  RNA  binding  protein  and  itself  is  a 
tumor  suppressor  [25].  Kcnqlotl  loealizes  in  the  nueleus,  interaeting  with  ehromatin  and 
also  with  G9a  (a  H3K9-  and  H3K27-speoific  histone  methyltransferase)  and  Ezh2 
(histone-lysine  N-methyltransferase),  resulting  in  eluster-wide  repressive  histone  marks, 
gene  sileneing  and  DNA  methylation  of  CpG  islands.  Henee  it  exerts  its  tumor 
suppressor  effeet  via  epigenetie  gene  sileneing  [26].  For  instanee,  in  Beekwith- 
Wiedemann  syndrome  (BWS),  approximately  50%  of  patients  show  loss  of  DNA 
methylation  aeeompanied  by  loss  of  histone  H3  lysine  9  dimethylation  on  maternal 
KCNQIOT-DMR,  namely  an  imprinting  disruption,  leading  to  diminished  expression  of 
CDKNIC  (oyelin-dependent  kinase  inhibitor)  and  subsequently  eaneer  formation  [27].  In 
this  study,  we  are  the  first  to  identify  that  the  expression  levels  of  lincRNA-p21  and 
Kcnqlotl  deereased  following  VDR  deletion  in  mouse  keratinoeytes.  The  importanee  of 
antisense  transeription  has  been  emphasized  by  the  widespread  oeeurrence  of  antisense 
transeripts  in  the  human  genome:  up  to  5-10%  of  all  genes  have  an  antisense  eounterpart, 
whieh  in  most  cases  are  assoeiated  with  deereased  expression  of  their  target  genes.  Henee, 
it  is  not  a  surprise  that  the  level  of  H19-as,  the  eounterpart  of  H19,  is  deereased,  whieh 
may  eontribute  to  the  fold  inerease  in  HI 9  expression.  BGn-as  is  also  deereased  in  both 
keratinoeytes  and  epidermis  but  its  funetion  is  less  understood.  Other  tumor  suppressors 
ineluding  Foxn2-as  and  Gtl2-as  are  also  down-regulated  in  epidermis.  Together,  our 
results  indieate  that  VDR  may  exert  its  proteetive  function  via  reducing  the  expression 
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levels  of  oneogenic  IneRNAs  while  upregulating  tumor  suppressor  IneRNAs,  whieh  may 
explain  why  VDR  null  miee  develop  spontaneous  skin  tumors  at  an  older  age,  and  are 
prone  to  either  UVR-  or  ehemioal-indueed  skin  tumor  formation. 

Sinee  the  ultimate  cause  of  cancer  is  the  alteration  of  the  balanced  harmony  of 
cellular  networks  and  gene  expression  programs  that  maintain  cellular  homeostasis,  our 
current  study  suggests  that  following  VDR  ablationthere  is  a  increase  in  the  expression  of 
oncogenic  IneRNAs  {H19,  HOTTIP,  Nespas,  niHOTAlR,  MALATl,  SRA),  and  decreased 
expression  of  tumor  suppressors  {kcnqlotl,  lincRNA-p21 ,  BGn-as,  H19-as,  Foxn2-as, 
Gtl2-as)  in  the  epidermis  of  VDR  ablation.  These  fundamental  alterations  in  the 
landscape  of  epigenetic  regulatory  networks  of  IneRNAs  expression  may  favor 
keratinpcyte  hyper-proliferation  and  eventually  skin  tumor  formation  in  VDR  null  mice. 
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Table  1.  The  alteration  of  IncRNA  expression  levels  in  keratinocytes  (CMK) 
and  epidermis  following  VDR  deletion  compared  to  controls  (WTC) 


LncRNAs 

Epidermis* 

/WTC) 

CMKs* 

/WTC) 

Induced 

Air  {antisense  Igf2r  RNA) 

4.7 

nc 

AntiPegl  1 

4.1 

nc 

DioSos 

7.8 

nc 

Dlxlas 

33 

22.2 

mHOTAlR  (Hox  antisense  inter  genic  RNA) 

4.4 

nc 

HOTTIP  (HOXA  transcript  at  the  distal  tip) 

43 

11.8 

H19 

4.8 

8.4 

Nespas  (Neuroendocrine  secretory  protein  antisense) 

53 

63 

Malatl 

2.8 

nc 

Mistral 

5.9 

2.8 

Msxlas 

4.9 

nc 

Iincl242-LINC-Enah 

4.8 

2.6 

PESfC 

3.0 

nc 

Recombination  hot  spot  RNA 

4.8 

2.2 

SRA  (steroid  receptor  RNA  activator) 

5.2 

nc 

Zfasl 

5.5 

nc 

Reduced 

BGn-As 

0.17 

03 

Foxn2-as 

0.23 

nc 

Gtl2-as 

0.18 

nc 

H19-as 

0.16 

0.73 

Kcnqlotl 

0.054 

0.3 

LincRNA-p2 1 

0.5 

nc 

Linc-MD  1 

0.64 

nc 

12 


References 

1.  Teichert,  A.E.,  et  al.,  Overexpression  of  hedgehog  signaling  is  associated  with 
epidermal  tumor  formation  in  vitamin  D  receptor-null  mice.  J  Invest  Dermatol. 
131(1  l):p.  2289-97. 

2.  Zinser,  G.M.,  J.P.  Sundberg,  and  J.  Welsh,  Vitamin  D(3)  receptor  ablation 
sensitizes  skin  to  chemically  induced  tumorigenesis .  Careinogenesis,  2002. 

23(12):  p.  2103-9. 

3.  Ellison,  T.I.,  et  al..  Inactivation  of  the  vitamin  D  receptor  enhances  susceptibility 
of  murine  skin  to  UV-induced  tumorigenesis .  J  Invest  Dermatol,  2008.  128(10):  p. 
2508-17. 

4.  Kliewer,  S.A.,  et  al..  Retinoid  X  receptor  interacts  with  nuclear  receptors  in 
retinoic  acid,  thyroid  hormone  and  vitamin  D3  signalling.  Nature,  1992. 
355(6359):  p.  446-9. 

5.  Baker,  A.R.,  et  al..  Cloning  and  expression  of  full-length  cDNA  encoding  human 
vitamin  D  receptor.  Proe  Natl  Aead  Sci  USA,  1988.  85(10):  p.  3294-8. 

6.  Hatchell,  E.C.,  et  al.,  SLIRP,  a  small  SRA  binding  protein,  is  a  nuclear  receptor 
corepressor.  Mol  Cell,  2006.  22(5):  p.  657-68. 

7.  Mereer,  T.R.,  M.E.  Dinger,  and  J.S.  Mattiek,  Long  non-coding  RNAs:  insights 
into  functions .  Nat  Rev  Genet,  2009.  10(3):  p.  155-9. 

8.  Gibb,  E.A.,  et  al..  Human  cancer  long  non-coding  RNA  transcriptomes .  PEoS 
One,  2011.  6(10):  p.  e25915. 

9.  Mattiek,  J.S.,  Long  noncoding  RNAs  in  cell  and  developmental  biology.  Semin 
Cell  Dev  Biol,  2011.  22(4):  p.  327. 

10.  Batista,  P.J.  and  H.Y.  Chang,  Long  noncoding  RNAs:  cellular  address  codes  in 
development  and  disease.  Cell,  2013.  152(6):  p.  1298-307. 

1 1 .  Spitale,  R.C.,  et  al.,  RNA  SHAPE  analysis  in  living  cells.  Nat  Chem  Biol,  2013. 
9(1):  p.  18-20. 

12.  Gutsehner,  T.  and  S.  Diederichs,  The  hallmarks  of  cancer:  a  long  non-coding 
RNA  point  of  view.  RNA  Biol,  2012.  9(6):  p.  703-19. 

13.  Ei,  X.,  et  al..  Long  Noncoding  RNAs:  Insights  from  Biological  Features  and 
Functions  to  Diseases.  Med  Res  Rev,  2013.  33(3):  p.  517-53. 

14.  Tu,  C.E.,  et  al..  Inactivation  of  the  calcium  sensing  receptor  inhibits  E-cadherin- 
mediated  cell-cell  adhesion  and  calcium-induced  differentiation  in  human 
epidermal  keratinocytes .  J  Biol  Chem,  2008.  283(6):  p.  3519-28. 

15.  Jiang,  Y.J.,  et  al.,  Ialpha,25( OH)2-Dihydroxyvitamin  D3/VDR protects  the  skin 
from  UVB-induced  tumor  formation  by  interacting  with  the  beta-catenin  pathway. 
J  Steroid  Bioehem  Mol  Biol,  2013.  136:  p.  229-32. 

16.  Dinger,  M.E.,  et  al.,  NRED:  a  database  of  long  noncoding  RNA  expression. 
Nucleic  Acids  Res,  2009.  37(Database  issue):  p.  D 122-6. 

17.  Pandey,  R.R.,  et  al.,  Kcnqlotl  antisense  noncoding  RNA  mediates  lineage- 
specific  transcriptional  silencing  through  chromatin-level  regulation.  Mol  Cell, 
2008.  32(2):  p.  232-46. 

18.  Brannan,  C.I.,  et  al..  The  product  of  the  H19  gene  may  function  as  an  RNA.  Mol 
Cell  Biol,  1990. 10(1):  p.  28-36. 

19.  Ariel,  I.,  et  al..  The  product  of  the  imprinted  H19  gene  is  an  oncofetal  RNA.  Mol 
Pathol,  1997.  50(1):  p.  34-44. 


13 


20.  Barsyte-Lovejoy,  D.,  et  al.,  The  c-Myc  oncogene  directly  induces  the  H19 
noncoding  RNA  by  allele-specific  binding  to  potentiate  tumorigenesis .  Cancer  Res, 
2006.  66(10);  p.  5330-7. 

21 .  Matouk,  I.J.,  et  al.,  The  H19  non-coding  RNA  is  essential  for  human  tumor  growth. 
PLoS  One,  2007.  2(9);  p.  e845. 

22.  Berteaux,  N.,  et  al.,  H19  mRNA-like  noncoding  RNA  promotes  breast  cancer  cell 
proliferation  through  positive  control  by  E2F1 .  J  Biol  Chem,  2005.  280(33);  p. 
29625-36. 

23.  Wang,  K.C.,  et  al.,  A  long  noncoding  RNA  maintains  active  chromatin  to 
coordinate  homeotic  gene  expression.  Nature,  2011.  472(7341);  p.  120-4. 

24.  Huarte,  M.,  et  al.,  A  large  intergenic  noncoding  RNA  induced  by  p53  mediates 
global  gene  repression  in  the  p53  response.  Cell,  2010.  142(3);  p.  409-19. 

25.  Moumen,  A.,  et  al.,  ATM-dependent  phosphorylation  of  heterogeneous  nuclear 
ribonucleoprotein  K  promotes  p53  transcriptional  activation  in  response  to  DNA 
damage.  Cell  Cycle,  2013.  12(4);  p.  698-704. 

26.  Redrup,  L.,  et  al..  The  long  noncoding  RNA  Kcnqlotl  organises  a  lineage-specific 
nuclear  domain  for  epigenetic  gene  silencing.  Development,  2009.  136(4);  p.  525- 
30. 

27.  Higashimoto,  K.,  et  al..  Imprinting  disruption  of  the  CDKNIC/KCNQIOTI 
domain:  the  molecular  mechanisms  causing  Beckwith-Wiedemann  syndrome  and 
cancer.  Cytogenet  Genome  Res,  2006.  113(1-4);  p.  306-12. 


